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Abstract 
Mitochondria are primarily appreciated for the generation of adenosine triphosphate (ATP), a 
chemical store of energy required by all cells. These organelles, however, also play key roles 
in apoptosis, autophagy and shaping cytosolic calcium (Ca2+) signaling via Ca2+ uptake into 
the mitochondrial matrix. This Ca2+ uptake is mediated chiefly via the mitochondrial Ca2+ 
uniporter (MCU), an inner mitochondrial membrane protein that oligomerizes to form a Ca2+ 
selective pore. MCU is regulated by several protein binding partners, including the recently 
identified MCU regulator-1 (MCUR1). MCUR1 stabilizes a higher order MCU 
heterocomplex through interactions with MCU and other protein regulators. I hypothesize 
that the evolutionarily conserved matrix region of MCUR1 contains domains vital for protein 
and ion interactions which regulate MCU complex formation and function. My biophysical 
characterization of the MCUR1 matrix domain which includes the coiled-coil domains (i.e. 
residues 161-338) revealed that this conserved region forms a highly -helical and self-
associated multimer that is conformationally sensitive to divalent cations. Additionally, my 
solution nuclear magnetic resonance spectroscopy-driven structural elucidation of the 
MCUR1 matrix region which excludes the coiled-coil domains (i.e. residues 161-209) 
revealed that this region of MCUR1 forms a compact triple helix which is structurally 
homologous to the HdeB acid stress chaperone protein despite very low sequence identity. 
These findings represent the first structural data on MCUR1 and provide a strong framework 
for future functional studies to assess the significance of MCUR1 oligomerization and ion 
sensitivity on MCU heterocomplex assembly and activity which has been implicated in 
numerous cancers as well as metabolic, neurodegenerative and cardiovascular disorders.  
Keywords 
Mitochondrial calcium uniporter regulator 1, solution nuclear magnetic resonance 
spectroscopy, structure, stability, coiled coils, oligomerization, divalent cation sensitivity. 
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Chapter 1  
1 Introduction 
1.1 Calcium signaling 
Cellular signaling pathways are essential for cells to adapt and respond to the constantly 
changing environmental cues around them. Apart from being an important mineral for 
healthy bone development in our body, calcium ions (Ca2+) also play an integral role as 
one of the chief signaling messengers in our cells. The spatiotemporal regulation of 
intracellular Ca2+ levels govern numerous cellular processes ranging from cell growth 
and proliferation to cell death and apoptosis. This versatility of Ca2+ signaling is 
primarily achieved by the presence of numerous proteins that form the Ca2+-signaling 
toolkit consisting of  receptors, transducers, effectors, channels, pumps, and exchangers 
(Berridge et al., 2003). To add to this versatility, both the duration and frequency of Ca2+ 
oscillations in the cytosol can dictate the precise effect on cellular processes. This 
specificity can be seen during the gene expression driven by proinflammatory 
transcription factors. In one study, the rapid oscillation frequency of Ca2+ led to the 
activation of three proinflammatory transcription factors whereas infrequent oscillations 
only led to the activation of Nuclear factor kappa B (NFκB) (Dolmetsch et al., 1998). 
While processes such as transcription and fertilization depend on longer durations of 
cytosolic Ca2+ increases ranging from minutes to hours, many other processes respond to 
Ca2+ oscillations within ms to s. Neurotransmitter release at the small dendrites and 
spine is one such example of fast Ca2+ signaling where a single action potential can raise 
the Ca2+ concentration ([Ca2+]) to ~1.5M within a few ms (Sabatini et al., 2002), 
leading to exocytosis of the presynaptic vesicles.  
Additionally, Ca2+ may bind to numerous sensory adaptor proteins that can activate 
further signaling pathways. Calmodulin (CaM) is one of the main ubiquitously expressed 
adaptor proteins that senses changes in Ca2+ levels and facilitates signal transduction by 
interactions with a wide range of target proteins. Binding of Ca2+ causes conformational 
changes in the CaM domains which promotes interactions with targets and activation 
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through numerous mechanisms, including the relieving of protein autoinhibition, 
restructuring of protein/enzyme active sites, and regulation of protein-protein 
interactions, to name a few (Hoeflich & Ikura, 2002). More specifically, CaM contains 
two homologous domains connected via a flexible linker. Upon Ca2+ binding to the EF-
hand domains, the interhelical angles of the EF-hand motifs adopt an ‘open’ 
conformation, exposing the hydrophobic regions which can then interact with target 
proteins (Barbato et al., 1992). Interestingly, the binding affinity of Ca2+ to CaM is not 
only dependent on the direct interaction with the EF-hand domains, but is also enhanced 
indirectly upon CaM interactions with target proteins (Clapham, 2007). 
1.2 Ca2+ entry, regulation and storage 
Numerous cellular processes rely on Ca2+ signaling, making the tight regulation of 
cytosolic Ca2+ concentration ([Ca2+]) essential for preventing any unregulated 
downstream signaling. At rest, cytosolic [Ca2+] is approximately 100 nM, roughly four 
orders of magnitude lower than that of the extracellular space which is maintained at ~1 
mM (Rizzuto & Pozzan, 2006). This steep gradient is established primarily by the action 
of plasma membrane Ca2+-ATPases (PMCA) and Na2+/Ca2+ exchangers (NCX). PMCAs 
require adenosine triphosphate (ATP) hydrolysis to export Ca2+ ions across the plasma 
membrane in a 1:1 ratio, whereas NCXs utilize the electrochemical gradient of Na+ to 
extrude 1× Ca2+ for every 3× Na+ ions (Carafoli, 1987; Hao et al., 1994; Palty et al., 
2004). Intracellular storage organelles also complement this process during elevated 
cytoplasmic [Ca2+] via the action of sarcoendoplasmic reticulum Ca2+-ATPase (SERCA), 
which actively moves 2× Ca2+ ions per ATP hydrolysis into the 
endoplasmic/sarcoplasmic reticulum (ER/SR) Ca2+ stores, and via the mitochondrial 
calcium uniporter (MCU) complex which moves Ca2+ into the mitochondrial matrix 
(Bagur & Hajnoczky, 2017; Tanford, 1982). The ER (or SR) function as the main storage 
organelle for Ca2+ inside the cell and can accumulate upwards of 0.1 – 0.5 mM [Ca2+] 
(Bagur & Hajnoczky, 2017). Additionally, mitochondrial matrix [Ca2+] mimics that of the 
cytosol during rest; however, upon stimulation, matrix [Ca2+] can rise significantly, 
exceeding 100 M in certain cell types (Montero et al., 2000). The mitochondrial matrix 
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[Ca2+] in histamine-stimulated HeLa cells was shown to range from ~20-50M (Montero 
et al., 2002; Pinton et al., 2004).  
The initiation of Ca2+ signaling can occur in response to external or internal cues which 
lead to a rise in cytosolic [Ca2+]. For example, the presence of a large electrochemical 
gradient across the plasma membrane allows external Ca2+ to be brought in rapidly via a 
wide variety of channels, each with distinct properties. The most well studied of these 
channels are the voltage operated channels (VOCs) present primarily in excitable cells 
that facilitate very rapid Ca2+ influx necessary for processes such as muscle contraction 
and exocytosis of the synaptic vesicles (Berridge et al., 2003). Other channels include the 
receptor operated channels (ROCs) such as N-methyl-D-aspartate (NMDA) receptors that 
respond to external stimuli such as glutamate, and second messenger operated channels 
(SMOCs) such as arachidonic acid activated channels (ARC) that are activated upon 
binding of intracellular messengers (Berridge et al., 2003). Other less well-defined entry 
pathways that are not specific to Ca2+ include the large family of transient receptor 
potential (TRP) ion channels, which are mostly activated by environmental cues such as 
temperature, pressure, and pH changes. (Berridge et al., 2000). Another channel type that 
has been the focus of intensive research are the store operated calcium channels (SOCs). 
As suggested by the name, SOCs sense and respond to the lowering of stored ER luminal 
[Ca2+]. SOC activity is coupled indirectly to the function of inositol-1,4,5-trisphosphate 
receptors (IP3R) found on the ER.  
Release of intracellular stored Ca2+ located in the ER or SR is primarily regulated by two 
ROCs, the IP3R and ryanodine receptor (RyR) families. The activity of these channels are 
also regulated by multiple factors present on either the luminal or cytosolic surface of the 
channel (Berridge et al., 2003). In the case of IP3R regulation, the main determinants of 
channel open probability are inositol-1,4,5-trisphosphate (IP3) and Ca2+. The production 
of IP3 occurs at the cell membrane where a ligand binding to a cell surface receptor, G-
protein-coupled or receptor tyrosine kinase, for example, leads to the activation of a 
specific membrane-bound phospholipase C (PLC), which in turn leads to hydrolysis of 
phosphatidylinositol 4,5-bisphosphate which generates the diacylglycerol (DAG) and IP3 
second messengers (Patergnani et al., 2011). The binding of IP3 to IP3Rs on the ER opens 
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this tetrameric channel causing movement of Ca2+ down the gradient from the ER lumen 
to the cytosol. Interestingly, Ca2+ binding to the IP3R can sensitize the channel in a ‘bell-
shaped’ manner which enhances Ca2+ conduction at low levels, but inhibits the channel at 
high [Ca2+] (Berridge et al., 2003). Furthermore, IP3Rs can be modulated by various other 
signaling pathways, including phosphorylation via Ca2+/CaM-dependent kinase II 
(CaMKII), cGMP-dependent protein kinase (PKG), protein kinase C (PKC), and cAMP-
dependent protein kinase (protein kinase A, PKA) (Patergnani et al., 2011).  
On the other hand, the RyR is the largest known ion channel (>2 MDa) that can be 
modulated directly or indirectly via Ca2+ or Mg2+ ions, small molecules, L-type Ca2+ 
channels found on the transverse tubule (t-tubule) walls, and various proteins including 
CaMKII and PKA (Ikemoto et al., 1991; Mayrleitner et al., 1995; Nakai et al., 1998; 
Smith et al., 1986; J. Wang & Best, 1992). Three mammalian isoforms of RyR have been 
identified, with RyR1 found primarily in skeletal muscle and cerebellar Purkinje neurons, 
RyR2 found primarily in cardiac muscle and brain tissue, and RyR3 found primarily in 
the cortical/hippocampal region and diaphragm (Lanner et al., 2010). During cardiac 
muscle contraction, the action potential travels to the t-tubules enriched in L-type Ca2+ 
channels; membrane depolarization opens the L-type Ca2+ channels and Ca2+ enters the 
cytosol from the extracellular space; this Ca2+ binds to RyR2 on the SR, inducing further 
release of SR-stored Ca2+ via the opening of tetrameric RyR2 channels, in a process 
termed excitation-contraction coupling (Bootman et al., 2006; Rios & Brum, 1987). In 
skeletal muscle, this release of Ca2+ is mediated via direct physical interaction between 
RyR1 and the L-type Ca2+ channels, whereas in cardiac cells, this release depends on a 
Ca2+-induced Ca2+ release, as the RyR2 responds to the influx of extracellular Ca2+ from 
the L-type Ca2+ channels (Endo, 1977). The release of Ca2+ from the SR causes muscle 
contraction, while the SERCA pumps acts to replenish these Ca2+ stores to induce 
relaxation (Nakai et al., 1998). 
1.2.1 Store operated Ca2+ entry (SOCE) 
As briefly mentioned above, the SOC family of proteins found on the plasma membrane 
respond to decreasing stored ER Ca2+ levels. SOC activation causes a large influx of Ca2+ 
into the cytosol for downstream signaling and replenishing of the stored Ca2+. In non-
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excitable cells, SOCs are the primary source of cytosolic Ca2+ mobilization in cells. The 
increase in cytosolic [Ca2+] in response to SOCs plays a significant role in a variety of 
cell signaling pathways and processes, including secretion, gene transcription, and 
modulation of enzymatic activity (Prakriya & Lewis, 2015).  
Stromal interaction molecule (STIM) proteins are the Ca2+ sensors inserted into the ER 
and Orai proteins are the plasma membrane subunits that make up the SOC. The 
identification of these proteins played a prominent role in elucidating the molecular 
mechanisms underlying the SOCE pathway in various cell types (Feske et al., 2006; Liou 
et al., 2005). During resting conditions with ER luminal Ca2+ stores in a replete state, 
STIM1 is usually found in an inactive conformation with its ER lumen-localized EF-
hands bound to Ca2+ ions. Upon cell surface receptor stimulation, ER luminal Ca2+ stores 
are depleted via IP3Rs, causing Ca2+ to dissociate from the STIM1 EF hands. This loss of 
Ca2+ binding leads to the destabilization-coupled oligomerization and movement of 
STIM1 proteins to the region of the ER which are in close proximity to the plasma 
membrane; further, active and oligomerized STIM1 proteins which move to ER-plasma 
junctions interact with and assemble Orai1 subunits into open channels, causing the 
influx of Ca2+ down the steep concentration gradient from the extracellular space into the 
cytosol (Stathopulos et al., 2013; Stathopulos et al., 2008). The reuptake of Ca2+ mediated 
by SERCA into the ER lumen results in a decoupling of STIM1 from Orai1 through a 
Ca2+ binding-induced stabilization of STIM1 (Jousset et al., 2007). Ultimately, STIM1 
and Orai1 return to their resting, diffuse distribution once the ER Ca2+ stores are fully 
replenished (Malli et al., 2008).  
Another intracellular organelle that plays a vital role in the uptake of cytoplasmic Ca2+ is 
the mitochondria. Mitochondria can rapidly sequester Ca2+ and slowly release it during 
the recovery phase of the signaling event (Berridge et al., 2000). Mitochondria are 
usually found in close proximity to Ca2+ releasing channels, such as the IP3Rs and RyRs, 
improving the effectiveness of Ca2+ uptake (Csordas et al., 1999; Rizzuto et al., 1993). 
Indeed, electron tomography has shown mitochondria to be tethered to the smooth ER 
membrane, with the regions of interaction termed as the mitochondria-associated 
membranes (MAMs) (Csordas et al., 2006; van Vliet et al., 2014). They are also found 
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clustered around highly active channels in neurons and in close proximity to RyR 
channels in skeletal and cardiac muscle cells (Franzini-Armstrong, 2007). In fact, these 
organelles are even believed to modulate the SOCE signaling pathway in numerous ways, 
such as by the buffering of Ca2+ around the ER-plasma membrane junction that can help 
prolong SOCE (Rizzuto et al., 2009). In T-cells, the mitochondria have been shown to 
accumulate near the plasma membrane in response to the activation of Orai1 channels 
and function in a positive feedback loop to sustain the activity of these channels by 
preventing their inactivation due to increasing [Ca2+] (Quintana et al., 2006). 
Additionally, mitochondria may indirectly affect SOCE via the production of ATP, 
pyruvate, and reactive oxygen species (ROS) (Bakowski & Parekh, 2007; Montalvo et 
al., 2006; Mungai et al., 2011). 
1.2.2 Ca2+ signaling and mitochondria 
Mitochondria are primarily known as the power houses of cells for their role in the 
production of ATP; however, these small organelles also play vital roles in regulating 
apoptosis and shaping cytosolic calcium (Ca2+) transients that signal a myriad of 
downstream processes (Gunter et al., 2000). Similar to the ER/SR, mitochondria can also 
store Ca2+, however, mitochondrial [Ca2+] also plays a role in regulating the 
mitochondrial viability, movement, and ATP production (Clapham, 2007). Intracellular 
Ca2+ signalling pathways and their regulation which involve mitochondrial Ca2+ uptake 
have been implicated in numerous pathophysiological disorders such as cancer (Pinton et 
al., 2008), diabetes (Tarasov et al., 2012), neuronal excitotoxicity (C. V. Logan et al., 
2014), and muscular atrophy or hypertrophy (Mammucari et al., 2016), to name a few. 
Work by Marchi et al. (2013) directly linked the downregulation of mitochondrial Ca2+ 
uptake in cancer cell lines with a higher resistance to apoptotic signalling. Additionally, 
the uptake of Ca2+ by mitochondria has been shown to regulate the secretion of insulin in 
pancreatic -cells (Alam et al., 2012).  
Mitochondria possess two membranes: (i) the outer mitochondrial membrane (OMM) 
facing the cytoplasm, and (ii) the inner mitochondrial membrane (IMM) facing the 
mitochondrial matrix. The IMM houses the electron transport chain protein machinery, 
which is responsible for transporting H+ ions into the inner membrane space (IMS), 
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generating a large electrochemical gradient resulting in a membrane potential of -150 to -
180 mV. Movement of these H+ ions down this gradient via ATP synthase leads to the 
production of ATP. The IMM forms a highly selective barrier between the cytosol and 
mitochondrial matrix that only allows the passage of substrates via specific ions channels 
and transporters (McStay, 2017). However, small molecules and ions in the cytoplasm 
can freely diffuse across the OMM due to the presence of numerous porins. The presence 
of the porous voltage-dependent anion channels (VDACs) on the OMM allows for the 
free diffusion of Ca2+ into the IMS (Madesh & Hajnoczky, 2001). In contrast, the tightly 
regulated movement of Ca2+ across the IMM depends largely on the MCU, a selective 
channel which utilises the highly negative membrane potential across the IMM to drive 
Ca2+ into the mitochondrial matrix (Pozzan et al., 1994). The function and regulation of 
MCU is discussed in more detail below. Another IMM protein that plays a role in Ca2+ 
entry is the leucine zipper EF-hand-containing transmembrane protein 1 (LETM1). 
However, little is currently known about its mechanism of action (Jiang et al., 2009). The 
uptake of Ca2+ into the mitochondria is counteracted by the presence of mitochondrial 
NCX and H+/Ca2+ exchangers (mHCX) (Pozzan et al., 1977). Together, MCU, LETM1, 
mNCX and mHCX control the movement and concentration of Ca2+ in the mitochondrial 
matrix. 
The ability of mitochondria to uptake Ca2+ combined with their close proximity to the ER 
and plasma membrane allows them to rapidly accumulate Ca2+ upon increased cytosolic 
[Ca2+], thereby adding to the buffering capacity at the specific domains where 
mitochondria are clustered and to the cytoplasm in general (Rizzuto et al., 2012). The 
release of Ca2+ from ROCs on the ER/SR or VOCs/SOCs on the plasma membrane can 
lead to an inhibitory, activating, or a biphasic response on a specific channel dependent 
on the level of cytosolic [Ca2+] (Bezprozvanny et al., 1991). Thus, mitochondria present 
near the openings of Ca2+ channels can modify the local cytosolic [Ca2+], which can 
thereby regulate the opening and closing of these channels. Apart from the previously 
mentioned impact on the SOCE pathway, mitochondrial Ca2+ uptake also helps control 
the excitation-contraction coupling system found in cardiac cells by modulating the Ca2+ 
signaling function of RyRs (Pacher et al., 2002). The spatial organization and distribution 
of mitochondria in specific cell types such as neurons and pancreatic acinar cells may 
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help spatially constrain the shaping of cytosolic Ca2+ transients to a certain region of 
these cells (Billups & Forsythe, 2002; Voronina et al., 2002).  
As mentioned above, the uptake of Ca2+ into the mitochondrial matrix regulates the 
metabolic functions of mitochondria such as the production of ATP. The presence and 
activation of Ca2+ dependent dehydrogenases in mitochondria increases the availability of 
NADH. This is essential for the flow of electrons down the electron transport chain, and 
thereby leads to increased synthesis of ATP (Jouaville et al., 1999). In addition, 
aspartate/glutamate exchangers present in the IMM can sense Ca2+ levels in the IMS, 
leading to a more complex and coordinated response to changes in cytosolic and 
mitochondrial [Ca2+] (Lasorsa et al., 2003). The enriched association of mitochondria 
with regions of Ca2+ release and entry ensures rapid uptake of Ca2+ by the organelle in 
order to match the energy demands of cellular processes signaled through cytosolic Ca2+ 
entry (Rizzuto et al., 2012).  
Additionally, mitochondria play an integral role in regulating cell survival. Prolonged 
high levels of Ca2+ in the cytosol leads to the Ca2+ overload of mitochondria which, in 
turn, results in opening of the mitochondrial permeability transition pore (mPTP) 
(Rizzuto et al., 2012). The mPTP opening causes the dissipation of IMM potential as ions 
and small molecules are released from the matrix; swelling of mitochondria can ensue 
causing subsequent release of cytochrome c and pyridine nucleotides. The resulting 
decrease in ATP production leads to the necrotic cell death pathways witnessed in 
cardiomyocytes (O'Rourke, 2000); however, apoptosis pathways are also activated by 
mPTP opening. The opening of mPTP and the resulting apoptotic and necrotic cell death 
pathways are regulated by numerous accessory proteins and factors such as the Bcl-2 
family proteins Bax and Bak, cytochrome c, second mitochondria derived activator of 
caspase (smac)/DIABLO and apoptosis inducing factor (AIF) (Du et al., 2000; Liu et al., 
1996; Susin et al., 1996; Verhagen et al., 2000; Wei et al., 2001). The inhibition or 
dysregulation of these pathways is implicated in the pathogenesis of various human 
disorders involving tumor or viral proteins (Chami et al., 2003; Pinton et al., 2001). 
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The interplay between autophagy and mitochondria has also been well established. 
Autophagy is a vital cellular process that helps clean up long-lived proteins, damaged or 
excess organelles, and even parts of cytosol as they are taken up via a double membrane 
vesicle and fused with lysosomes to form the autophagosome (He & Klionsky, 2009). 
ER, Golgi apparatus, plasma membrane and mitochondria have all been shown to play a 
role in the regulation and formation of autophagosome (Cuervo, 2010). Autophagy is 
primarily induced or activated in response to cellular stress, such as nutrient deprivation 
and largely serves a cytoprotective function (Singh & Cuervo, 2011). Recent work has 
associated autophagy with the cellular energy balance, placing mitochondria as a key 
regulator of this starvation-induced process and a supplier of the membranes that help 
form autophagosomes (Hailey et al., 2010). Furthermore, autophagy has been shown to 
selectively target damaged mitochondria and other organelles (Lemasters, 2005). Indeed, 
the division, fusion or migration of mitochondria in response to environmental and 
physiological stress helps the cell maintain energy demands (Chen & Chan, 2009). The 
elongation and fusion of mitochondria into network like structures during nutrient 
starvation has been shown to provide them protection from autophagy and allow them to 
function as efficient factories for bioenergetic functions (Gomes et al., 2011). 
Furthermore, the close association of IP3Rs on the ER with mitochondria has been 
implicated in the rapid uptake and sensing of Ca2+ by mitochondria upon cellular stress, 
which has been shown to regulate autophagy pathways (Decuypere et al., 2011). The 
inhibition of mitochondrial Ca2+ uptake has recently been implicated with enhanced 
autophagy (Tomar et al., 2016).  The regulation of apoptotic and autophagy pathways by 
mitochondria has also been linked with numerous neurodegenerative diseases such as 
Alzheimer’s, Parkinson’s and Huntington’s (Celsi et al., 2009). Due to their critical role 
in cellular bioenergetics and apoptotic pathways, mitochondrial dysfunction has been 
associated with numerous cancers (Wallace, 2012).  
The implication of mitochondrial Ca2+ uptake on both aerobic metabolism and cell 
survival pathways highlight the importance of studying the regulation of mitochondrial 
Ca2+ uptake; further, it is important to reinforce that MCU represents the major 
ubiquitous Ca2+ entry pathway into the mitochondrial matrix.  
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1.3 Mitochondrial calcium uniporter (MCU) complex 
1.3.1 Identification of the MCU protein components 
The emergent understanding that mitochondrial Ca2+ uptake is central in the regulation of 
ATP production, autophagy and apoptotic pathways drove interest in identifying the 
underlying signalling molecules. The presence of a highly selective Ca2+ channel present 
on the IMM with a high affinity for Ca2+ was first realized about five decades ago. 
However, the detailed biophysical characterization of this channel remained elusive until 
a seminal electrophysiology study using patch-clamped mitochondria (Kirichok et al., 
2004). Further, it was also established prior to the identification of the molecules 
mediating this uptake mechanism, that the channel depended on the steep electrochemical 
potential present across the IMM for moving Ca2+ into the matrix (Rizzuto & Pozzan, 
2006). Finally, the molecular identity of this channel was identified using the MitoCarta 
database generated by Pagliarini et al. (2008) which lists all mitochondria localized 
proteins. This database was established by performing mass spectrometry analysis of 
highly purified mitochondrial preparations to exclusively identify the mitochondrial 
proteins. These mitochondrial proteins were further confirmed via green fluorescent 
protein (GFP) tagging and localization experiments. Searching the MitoCarta database 
for proteins with a potential for Ca2+ binding and channel formation, and subsequently, 
performing RNA interference (RNAi) screening on the shortlisted proteins led to the 
identification of mitochondrial calcium uptake 1 (MICU1) (Perocchi et al., 2010). 
However, it was quickly realized that MICU1 functions as regulator of a larger complex 
that forms the Ca2+ channel (Raffaello et al., 2012), and is not the channel-forming 
protein itself.  
Using a similar approach which led to the identification of MICU1, two groups were able 
to independently identify the major MCU protein component using the MitoCarta 
database (Baughman et al., 2011; De Stefani et al., 2011). The presence of putative 
transmembrane domains along with a putative loop enriched in acidic residues made 
coiled coil domain containing 109A (CCDC109A) (i.e. renamed to MCU) a strong 
candidate as the subunit which forms the Ca2+ selective MCU channel (Raffaello et al., 
2012). Baughman et al. (2011) also conducted small interfering RNA (siRNA) silencing 
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of MCU in cultured and in vivo hepatocytes to demonstrate a severe loss of mitochondrial 
Ca2+ uptake, while the mitochondrial membrane potential and oxidative phosphorylation 
pathways remained intact. Although these knockdown studies confirmed MCU as an 
essential component of the MCU complex, an overexpression analysis was also carried 
out to demonstrate an increase in mitochondrial Ca2+ uptake and to confirm the role as 
the main pore forming subunit. Indeed, the overexpression of MCU led to a dramatic 
increase in mitochondrial [Ca2+] in response to IP3 coupled agonist stimulation (De 
Stefani et al., 2011). The third and final piece of evidence confirming MCU as the main 
IMM Ca2+ channel protein arose by studying the ability of purified MCU to transport 
Ca2+ when inserted into a lipid bilayer. Not only was the channel activity observed, but 
ruthenium red (RuR), a known mitochondrial Ca2+ uptake inhibitor, was shown to inhibit 
MCU channel activity (De Stefani et al., 2011). Several peripheral binding proteins have 
now been identified that regulate this MCU channel formation and gating, including 
essential MCU regulator (EMRE), MICU1 and -2 (MICU2) and MCU regulator 1 
(MCUR1) (De Stefani et al., 2016). These regulatory proteins form a higher order 
heteromeric complex with the core MCU component on the IMM (Figure 1) and are 
discussed in more detail below. 
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1.3.2 Structure and topology of MCU 
An MCU gene is present in almost all plants and metazoa, with the exception of yeast, 
some protozoan and fungal lineages (Bick et al., 2012). In humans, the MCU channel 
subunit is a 35 kDa protein and is ubiquitously expressed across all tissue types. MCU is 
a dual transmembrane protein, with two coiled coil domains and a specialized region 
known as the DIME motif due to the high conservation of the Asp (D), Ile (I), Met (M), 
Glu (E) and the importance of the motif in coordinating Ca2+. Although the topology of 
MCU was initially debated, it has now been established that the N- and C- terminal 
regions of the protein face the mitochondrial matrix, whereas the DIME motif is exposed 
to the IMS (Martell et al., 2012). Initially, GFP-tagging of the N-terminus of MCU and 
trypan blue analysis suggested MCU was localized on the IMM with the N- and C-
termini facing the IMS since trypan blue, which is permeable to the OMM but not the 
IMM, was able to quench MCU-GFP florescence (De Stefani et al., 2011). In contrast, 
proteinase K analysis carried out on mitochondria with a permeabilized OMM was 
unable to digest MCU, thereby indicating that the N- and C- termini face the 
mitochondrial matrix (Baughman et al., 2011). The topology on this IMM protein was 
unequivocally established using an electron microscopy approach. Specifically, ascorbic 
peroxidase was used as a high definition marker in EM experiments. The separate N- and 
C-terminal fusions to an engineered ascorbic peroxidase showed high EM contrast after 
diaminobenzidine/H2O2 treatment exclusively inside the mitochondrial matrix and 
thereby demonstrated that both the N- and C-terminus of MCU face the matrix (Martell et 
al., 2012). Thus, the DIME motif and other important acidic residues (i.e. E256, D260, 
and E263) face the IMS. Collectively, these residues are critical for Ca2+ permeability 
and conduction, as charge neutralizing mutations of these amino acids lead to a loss of 
Ca2+ uptake (Raffaello et al., 2013). The S259A mutation near the DIME motif was also 
found to reduce RuR sensitivity of the channel (Baughman et al., 2011).  
Intriguingly, MCUb, a related gene translated with ~50 % sequence similarity to MCU 
has been identified that functions as a dominant negative regulator of the MCU channel 
formation (Raffaello et al., 2013). Much like MCU, MCUb also contains two coiled coil 
domains and two transmembrane domains separated by a short loop region allowing it to 
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closely associate and form heterooligomers with MCU (Raffaello et al., 2013). However, 
crucial acidic DIME residues are substituted in MCUb (i.e. E256V), likely causing MCU 
channel inhibition when incorporated into the complex (Raffaello et al., 2013). 
1.3.3 Oligomerization of MCU 
Oligomerization of MCU leads to formation of the channel that mediates Ca2+ uptake into 
the matrix (Raffaello et al., 2013). However, the homotypic interactions between these 
MCU subunits remain poorly defined for the human protein. Based on data from other 
known channel forming proteins and molecular dynamic simulations, a quaternary 
structure with a four-fold symmetry was predicted (Raffaello et al., 2013). Additionally, 
native gel electrophoresis confirmed the presence of a higher order oligomeric complex 
with an apparent molecular weight of ~480 kDa, indicating the presence of other 
regulatory proteins (Baughman et al., 2011). Recent work by Oxenoid et al. (2016) 
utilizing both EM and nuclear magnetic resonance (NMR) spectroscopy on C. elegans 
MCU with a deleted N-terminal domain provided the first high resolution structural 
insights, proposing a pentameric organization for MCU. The pentameric NMR/EM model 
places the DIME motif in a loop at the opening of the pore with carboxylic acid side 
chains protruding into the entrance of the channel. Nevertheless, numerous recent fungal 
and metazoan cryo-electron microscopy (cryo-EM) structures (excluding human) using 
full-length MCU have been solved, unequivocally demonstrating that MCU assembles as 
a tetramer with the DIME motif forming part of the transmembrane helix (i.e. not an 
unstructured loop) which lines the pore and the Ca2+ selectivity filter (Fan et al., 2018; 
Nguyen et al., 2018; Yoo et al., 2018). The structure of MCU is discussed in more detail 
in the Discussion section of the thesis. 
1.3.4 Divalent cation sensing at the N-terminal domain 
The Stathopulos laboratory has previously solved the high resolution (1.8 Å) crystal 
structure for the highly conserved N-terminal domain of human MCU (S. K. Lee et al., 
2016). The structure of the MCU N-terminal domain resembles that of a -grasp fold and 
contains two electropositive and two electronegative patches that may play a role in 
oligomerization via complementary electrostatic interactions. Additionally, this N-
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terminal domain was shown to be sensitive to divalent cations, with a loss in 
oligomerization and stability observed at ~mM Mg2+ and Ca2+ concentrations, suggesting 
a role in self regulation of MCU channel activity, similar to other Ca2+ channel proteins 
such as IP3Rs and RyRs (see above). Apart from its potential impact on channel 
oligomerization and activity, the N-terminal domain was shown to be a phosphorylation 
target by CaM kinase II, a site for S-glutathionylation under oxidative stress conditions 
and an important protein-protein interaction domain with MCUR1, a putative scaffolding 
factor involved in the formation of MCU complex (Dong et al., 2017; Y. Lee et al., 2015; 
Tomar et al., 2016).  
1.4 MICU1 and MICU2 
The discovery of MICU1 preceded that of MCU by a few months, and this earlier work 
was pivotal for the appreciation that MCU functions as a higher order complex of 
multiple proteins (Perocchi et al., 2010). MICU1 is a 54 kDa protein containing a highly 
debated, single transmembrane domain, and two conserved EF-hand Ca2+ binding 
domains. The localization of MICU1 still requires clarification; however, proteomics data 
and the proposed function of MICU1 as a gatekeeper of MCU suggests that it is present 
in the IMS (Hung et al., 2014). As previously mentioned, a key feature of mitochondrial 
Ca2+ uptake is the biphasic response to cytosolic [Ca2+], such that at low cytosolic [Ca2+] 
the rate of mitochondrial uptake is kept low, while the carrying capacity dramatically 
increases with increasing cytosolic [Ca2+]. The topology of MCU, with both N- and C- 
termini facing the mitochondrial matrix suggests that the presence of a regulatory protein 
is responsible for modulating the opening and closing of the MCU channel. Indeed, it was 
shown by Mallilankaraman et al. (2012) that silencing of MICU1 led to the constitutive 
overloading of mitochondria even at lower cytosolic [Ca2+]. The role of MICU1 as a 
gatekeeping molecule was further reinforced when it was shown that MICU1 not only 
regulates the threshold of MCU channel opening, but also acts as a cooperative promoter 
of channel activity at higher cytosolic [Ca2+] (Csordas et al., 2013).  
Adding further to the complexity of MICU regulation, mammalian cells express three 
MICU homologues: MICU1, MICU2 and MICU3 (Plovanich et al., 2013). Unlike 
MICU1 and MICU2, MICU3 does not display strong mitochondrial localization and is 
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therefore not included in the MitoCarta list (Pagliarini et al., 2008). MICU2, however, 
does localize to mitochondria and contains EF-hand Ca2+ binding domains like MICU1 
(Plovanich et al., 2013). In fact, MICU2 has been shown to directly associate with 
MICU1 and play a gatekeeping role at low Ca2+ levels (Patron et al., 2014). 
Overexpression of MICU2 leads to a lower MCU channel open probability at low [Ca2+], 
with no effect seen at higher [Ca2+] (Patron et al., 2014). Extensive work conducted by 
Matesanz-Isabel et al. (2016) also showed that silencing of MICU2 results in large 
mitochondrial Ca2+ uptake at cytosolic [Ca2+] between ~100 nM to 4.5 M, whereas at 
concentrations above ~7 to 10 M cytosolic [Ca2+] the absence of MICU2 does not 
impact mitochondrial Ca2+ uptake. This trend suggests that MICU2 functions as a 
genuine inhibitor of MCU channel activity, while MICU1 plays a dual inhibitory role at 
low cytosolic [Ca2+] and acts as a channel activity promoter at cytosolic [Ca2+] above 
~2.5 M (Matesanz-Isabel et al., 2016). The measurements were conducted using genetic 
and fluorescent dye Ca2+ indicators (Matesanz-Isabel et al., 2016). Additionally, the 
stable expression of MICU2 is dependent on MICU1. The silencing of MICU1 leads to a 
reduction in MICU2 protein levels, suggesting that the loss in gatekeeping function 
observed in the absence of MICU1 is due, in part, to the collective loss of MICU2 (Patron 
et al., 2014). Consequently, it has been established that MICU1 and MICU2 function as a 
stable heterodimer, where MICU1 is shown to tightly associate with the MCU complex 
(Kamer & Mootha, 2014; Patron et al., 2014). Although little is known about the third 
isoform MICU3, it appears to be predominantly expressed in the central nervous system 
and may have tissue specific functions (Plovanich et al., 2013).  
1.5 Essential MCU regulator (EMRE) 
Another important regulatory protein of the MCU complex is EMRE, identified using 
stable isotope labelling by amino acids in cell culture (SILAC) and mass spectroscopy 
proteomics analysis (Sancak et al., 2013). Previously known as C22ORF32, EMRE is a 
small, 10 kDa protein containing a single transmembrane domain, with a highly 
conserved C-terminal domain rich in Asp residues (Sancak et al., 2013). This IMM 
protein is proposed to interact not only with MCU, but also with the MICU1/MICU2 
heterodimer present in the IMS. Sancak et al. (2013) showed that the knockdown of 
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EMRE leads to complete abrogation of Ca2+ uptake into the mitochondria via MCU, 
which was not recovered with the overexpression of MCU. Indeed, blue native 
polyacrylamide gel electrophoresis shows a reduction in the size of the MCU complex 
with the knockout of EMRE (Sancak et al., 2013). Interestingly, this implication of 
EMRE as an essential component of the MCU complex formation in humans does not 
apply to plants or fungi, which have no known homologs of EMRE (Sancak et al., 2013). 
Additionally, similar to the MICU2 stability dependence on MICU1, the levels of EMRE 
are drastically reduced in MCU-depleted cells, consistent with the close association 
between the two proteins (Sancak et al., 2013). 
The Asp-rich C-terminal region of EMRE is believed to play an important role in MCU 
complex regulation; however, the topology of EMRE is still being debated. Recent work 
by Vais et al. (2016) suggests a mitochondrial matrix Ca2+ sensing role for the negatively 
charged C-terminal domain of EMRE. Proteinase K protection assays on mitochondria in 
the presence of 0-2 % (v/v) digitonin suggested that the N-terminal domain faces the IMS 
as it was degraded first by the protease. Furthermore, Vais et al. (2016) showed that the 
deletion of the EMRE putative mitochondrial matrix Ca2+ sensing C-terminal domain led 
to an unregulated uptake of Ca2+ into the mitochondrial matrix. Conversely, it has also 
been suggested that the negatively charged C-terminal domain may have a potential role 
in interacting with the MICU1/MICU2 gatekeeping molecules of the MCU complex 
(Tsai et al., 2016). The presence of a polybasic sequence on MICU1 suggests a putative 
mechanism for the interaction via electrostatic complementarity. Interestingly, Tsai et al 
(2016) also showed that the transmembrane domain of EMRE interacts directly with the 
first transmembrane helix of MCU.  
1.6 MCUR1 
The identification of MCUR1 was a result of a slightly different approach. RNAi 
screening in HEK293T cells was conducted for 45 mitochondrial membrane proteins that 
were predicted to be present on the IMM or were previously reported to play a role in 
Ca2+ signalling (Mallilankaraman et al., 2012). Only one of the 45 screened proteins 
showed a marked reduction in mitochondrial Ca2+ uptake, namely CCDC90A, which was 
renamed MCUR1. MCUR1 was shown to be a ubiquitously expressed protein in 
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vertebrates similar to MCU, EMRE, MICU1, and MICU2. The same study also 
demonstrated that, apart from abrogating the agonist induced uptake of Ca2+ in 
mitochondria, the silencing of MCUR1 led to a large decrease of basal [Ca2+] in the 
mitochondrial matrix. Interestingly, the localization and expression level of MCU was 
not affected by the loss of MCUR1. Collectively, these findings suggest a critical 
regulatory role for MCUR1 in the MCU mediated Ca2+ uptake in mitochondria 
(Mallilankaraman et al., 2012). Furthermore, the topology of this putative dual 
transmembrane protein was studied using proteinase K assay on digitonin permeabilized 
cells and incubated with truncated Bid, a pro apoptotic protein that selectively 
permeabilized the OMM (Kuwana et al., 2002). The presence of a slightly truncated 
MCUR1 (i.e. ~6 kDa digestion) in the solubilized membrane fractions, as visualized by 
western blot analysis, showed that the majority of MCUR1 was protected and thus 
exposed to the mitochondrial matrix, with the N- and C-terminal facing the IMS 
(Mallilankaraman et al., 2012).  
1.6.1 MCUR1 association with MCU 
MCUR1 has been shown to associate with MCU by coimmunoprecipitation assays, 
where MCUR1 was able to pull down MCU and vice versa (Mallilankaraman et al., 
2012). However, MICU1 was not pulled down in the same MCUR1 
coimmunoprecipitation assay, suggesting the presence of two qualitatively distinct MCU 
complexes. This data implies that a pool of MCU can work independently of the 
gatekeeping regulator, allowing it to uptake Ca2+ even at resting conditions (De Stefani et 
al., 2016). Recent work has further shown that the MCUR1 interaction with MCU is 
highly specific, as immunoprecipitation assays did not show any interaction between 
MCUR1 and the structural homolog of MCU, MCUb (Tomar et al., 2016). Additionally, 
it was shown that MCUR1 interacts with EMRE. Further, using blue native gel 
electrophoresis, and MCU size exclusion fractionation profiling, it was shown that 
MCUR1 is required for stabilizing the higher order oligomeric formation of the MCU 
complex. Indeed, the knockout of MCUR1 in mice endothelial cells resulted in a lower 
order molecular MCU complex formation (Tomar et al., 2016). Although the interaction 
of MCU and MCUR1 has been established, details of the interface remain unclear. 
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Several truncation and deletion mutations of MCU and MCUR1 were engineered to 
identify the regions of interaction via immunoprecipitation followed by western blotting 
(Tomar et al., 2016). The predicted matrix-oriented domains of each protein appear to 
play a role in the interaction, with residues 150-231 for MCU and 166-305 for MCUR1 
playing a significant role in the interaction. These regions are comprised of both coiled 
coil and other folded domains.   
Apart from a role in regulating MCU channel activity by promoting higher order complex 
formation, MCUR1 has been shown to function as a threshold regulator for the opening 
of mPTP (Chaudhuri et al., 2016). When expressed in the Ca2+ overload resistant 
Drosophila S2R+ cells, MCUR1 greatly reduces the threshold required for mPTP 
opening. Conversely, the genetic inhibition of MCUR1 in mammalian cells significantly 
increased the threshold for Ca2+ overload. Although MCUR1 appears to play a key role in 
the mPTP threshold regulation, it does not act as a direct Ca2+ sensor for mPTP; however, 
it is thought to assist in bridging the MCU and mPTP complexes (Chaudhuri et al., 2016). 
Additionally, MCUR1 was suggested to help assemble the complex IV of the electron 
transport chain and, thereby, have an indirect effect on MCU channel activity via the 
establishment of the highly negative membrane potential. Indeed, knockdown of MCUR1 
was shown to impair oxidative phosphorylation activity, reduce membrane potential 
across the IMM and, thereby, also impair Ca2+ uptake (Paupe et al., 2015). However, 
recent electrophysiological studies on the MCU-dependent Ca2+ currents in isolated 
mitoplasts (i.e. mitochondria stripped of the OMM) showed that MCUR1 knockdown 
inhibited the MCU channel activity even under voltage clamp-mediated fixed membrane 
potentials (Vais et al., 2015). This observation further confirmed the direct role of 
MCUR1 in MCU complex assembly and function.  
1.6.2 Structural knowledge gaps 
MCUR1 is a 40 kDa dual transmembrane protein that contains two putative coiled coil 
domains and is well conserved across higher order species (Figure 2). The ability of 
MCUR1 to stabilize the subcomplexes and the presence of coiled coil domains which are 
considered important for protein-protein interactions make MCUR1 a strong candidate 
for functioning as a scaffolding factor in MCU complex formation (Tomar et al., 2016). 
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The concept is supported by both the formation of a smaller MCU complex and the 
significantly lower Ca2+ uptake by mitochondria in the absence of MCUR1. The topology 
of MCUR1 and MCU also suggests that the interaction occurs in the mitochondrial 
matrix, as the majority of both proteins, including the coiled coil domains, reside in the 
matrix. Despite the demonstrated fundamental role of MCUR1 in the regulation of MCU 
activity, mPTP opening and functioning of the electron transport chain, there currently 
exists no high-resolution structural information on MCUR1.  
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1.7 Rationale 
MCU complex formation and regulation is mediated by both homotypic and heterotypic 
interactions. Further, the uptake of Ca2+ by mitochondria plays a vital role in normal 
physiology (i.e. ATP production, apoptosis, autophagy, and shaping spatio-temporal Ca2+ 
signals of the cytosol) as well as many metabolic, neurodegenerative, and chronic 
disorders (De Stefani et al., 2016; O'Rourke, 2000). Several high resolution structures for 
MCU and MICU1 have been elucidated, leading to a greater understanding of Ca2+ 
uptake via the MCU channel (Fan et al., 2018; S. K. Lee et al., 2016; Y. Lee et al., 2015; 
Nguyen et al., 2018; Oxenoid et al., 2016; L. Wang et al., 2014; Yoo et al., 2018). 
Nevertheless, although MCUR1 has been shown to impact MCU complex formation and 
Ca2+ uptake, no structural data exists which could help ascertain the mechanism 
underlying its function. Additionally, given that MCUR1 is a dual transmembrane protein 
that functions as a scaffolding factor in regulating the higher order assembly of the MCU 
complex, I predict that MCUR1 also has a propensity for assembly, and this homo-
oligomerization plays a role in the higher order MCU complex assembly and function. 
Homo-oligomerization may also allow MCUR1 to interact with multiple MCU 
complexes at one time, facilitating a clustering of these Ca2+ channels for more localized 
bursts of Ca2+ uptake. This phenomenon has been recently observed in HeLa cells, where 
the post-translational modification of MCU (i.e. S-glutationylation) in the mitochondrial 
matrix leads to the ordered clustering of the MCU complexes (Dong et al., 2017).  
Considering the importance of regulating mitochondrial [Ca2+] relative to the cytosolic 
levels, many of the proteins involved in the formation of the MCU complex have an 
intrinsic Ca2+ sensing capacity. Both MICU1 and MICU2 contain Ca2+-binding EF hands 
which allows them to sense cytosolic [Ca2+] (Csordas et al., 2013; Mallilankaraman et al., 
2012). Additionally, the negatively charged Asp-rich tail of EMRE has been proposed to 
act as a mitochondrial matrix [Ca2+] sensor (Vais et al., 2016). The Stathopulos 
laboratory has previously shown the matrix facing N-terminal domain of MCU itself has 
a Ca2+ and Mg2+ sensing capacity (S. K. Lee et al., 2016). Based on these findings and 
given the established role of MCUR1 as a fundamental regulator of the MCU complex, I 
predict MCUR1 also contains a Ca2+ sensing region.  
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With the numerous recent cryo-EM and crystal structures solved for MCU, our 
understanding of the underlying molecular mechanisms of MCU channel function and 
formation is largely limited by the available structural information of the key regulators 
of this complex such as MCUR1. Thus, I believe the structural and biophysical 
characterization of the domains of MCUR1 will fill an important knowledge gap 
providing key insights into the molecular mechanisms regulating Ca2+ uptake via the 
MCU complex. In particular, analyzing the constructs targeted towards this conserved 
matrix-oriented region that contains two putative coiled coil domains and a structured 
region should provide novel insights into the roles of these domains in the functioning of 
MCUR1 as an MCU complex regulator. 
1.8 Hypothesis and aims  
Hypothesis: 
I hypothesize that the conserved matrix-oriented region of MCUR1 plays vital roles in 
mediating self-association and sensing divalent cations which regulate MCU complex 
formation and function. 
Aim1: 
The IMM-localized regulatory protein MCUR1 plays a vital role in Ca2+ signaling as 
recent knockdown studies in mouse cardiomyocytes have shown impairment of both, 
mitochondrial Ca2+ uptake and MCU complex formation (Tomar et al. 2016). My work 
aims to biochemically and biophysically characterize the conserved MCUR1 domains to 
reveal new insights into the physicochemical nature of its regulatory function. 
Aim2: 
Currently, there exists no high resolution structural data for the recently identified MCU 
regulatory protein, MCUR1. Further, given that highly conserved protein domains among 
phylogeny play fundamental roles in the underlying functional mechanisms of proteins, I 
aim to elucidate the first high resolution structural insights into the matrix-oriented region 
of MCUR1 which exhibits high amino acid sequence conservation. These data will 
provide new insights into the molecular mechanisms of MCUR1 scaffolding function. 
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Chapter 2  
2 Methods 
2.1 Bioinformatics 
Homology analysis was conducted using Clustal Omega software on Homo sapiens 
(human) (NP_001026883.1), Papio anubis (olive baboon) (XP_003897124.1), Mus 
musculus (mouse) (NP_001074528.1), Bos taurus (cattle) (NP_001095779.1), Myotis 
brandtii (Brandt’s bat) (EPQ15249.1), Lonchura striata domestica (society finch) 
(XP_021408961.1) and Danio rerio (zebrafish) (AAI50229.1) MCUR1 amino acid 
sequences to identify conserved regions (Sievers et al., 2011). The secondary structure 
predictions were obtained using PSIPRED protein sequence analysis workbench by the 
bioinformatics group at University College (London, UK) (Buchan et al., 2013). 
Additionally, the transmembrane and mitochondrial signal peptide sequence predictions 
were obtained from the online servers, TMpred (Swiss Institute of Bioinformatics) and 
TargetP 1.1 (University of Denmark), respectively (Emanuelsson et al., 2007; Hofmann 
& Stoffel, 1992). Two independent programs were used to predict the location of coiled 
coil domains, namely COILS (Swiss Institute of Bioinformatics) and Coiled-coil 
Prediction (Pole Rhône-Alpes Bioinformatics Center) (Combet et al., 2000; Lupas et al., 
1991).  
2.2 Designing and engineering of MCUR1 constructs 
Four MCUR1 constructs were identified as structural targets based on high amino acid 
sequence conservation, high level of predicted secondary structure and high solubility 
(i.e. excluding the putative transmembrane regions): i) MCUR1161-338, ii) MCUR1161-270, 
iii) MCUR1161-230, and iv) MCUR1161-209, where subscripted integer range corresponds to 
the residue number range of the human protein. The DNA sequences which encode the 
161-338 and 161-270 residue ranges were amplified using the polymerase chain reaction 
(PCR) with specifically designed primers, as indicated in Table 1. A full-length H. 
sapiens FLAG-tagged MCUR1 template held in a pCMV6-Entry (C-terminal Myc- and 
DDK-tagged) vector was used for amplification, and the inserts generated were sub-
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cloned into a pET-28a vector (Novagen) in frame with a hexahistidine tag (6×-His tag) 
using NheI and XhoI restriction enzyme sites designed into the 5’ and 3’ ends, 
respectively, of the amplification primers.  
Specifically, a 150 L PCR mixture was prepared using 114 L deionized, filtered and 
autoclaved water (dH2O), 30 L of 5× high fidelity (HF) buffer, ~45 ng of pCMV6-
Entry-FLAG-MCUR1 template, ~750 ng of forward and reverse primers each, 1.5 L of 
10 mM dNTPs, and lastly 0.75 L of Phusion DNA polymerase (Thermo Fisher 
Scientific). These PCR mixtures were placed in a LifeECO thermocycler (BioER) for 
amplification. Amplification was performed with the initial denaturation cycle set to 98 
°C for 1 min, followed by 35 cycles of denaturation at 96 °C for 30 s, annealing at 56-58 
°C for 1 min, and extension at 72 °C for 30 s. A final extension was performed at 72 °C 
for 5 min. Subsequently, the PCR amplified product was electrophoresed on a 1 % (w/v) 
agarose gel prepared in 0.5× TRIS, acetic acid, ethylene diamine tetra acetic acid (EDTA) 
(TAE) running buffer. Following electrophoresis, the gel was submerged in 0.5 g mL-1 
ethidium bromide (EB) solution and placed on a platform shaker for 30 min. After this 
EB staining procedure, the gel was visualized under a UV light (302 nm), the bands 
corresponding to the expected number of base pairs (bp) for each of the target constructs 
(i.e. 534 and 330 bp for MCUR1161-338 and MCUR1161-270, respectively) were excised and 
transferred into microcentrifuge tubes for extraction. The amplified PCR products were 
extracted from the agarose gel fragments using the GenepHlow Gel/PCR kit as described 
by the manufacturer (GeneAid) protocol.  
The purified MCUR1 inserts and pET-28a vector were then double digested with NheI 
and XhoI, to generate sticky ends. Restriction digest mixtures for the MCUR1 constructs 
consisted of 35 L MCUR1 insert (i.e. the total PCR amplified product), 4.2 L of the 
10× Cut Smart Buffer, and 1.5 L each of NheI and XhoI enzymes (New England 
Biolabs), whereas the pET-28a vector digestion was carried out using 10 L pET-28a 
vector (i.e. ~1.5 g), 2L of the 10× Smart Cut Buffer, 5 L dH2O, and 1.5L each of 
NheI and XhoI restriction enzymes. The mixtures were incubated overnight at 37 °C. The 
next day, the digested samples were separated using agarose gel electrophoresis and 
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visualized under UV light as described above. Ligation reactions were set up using the 
digested and gel purified DNA inserts and vectors by aliquoting 3.5 L of the pET-28a 
vector, 13.5 L of the MCUR1 insert, and 2 L of 10× T4 DNA ligation buffer into a 
microcentrifuge tube. This mixture was then heated for 45 s at 42 °C and immediately 
placed on ice for 5 min. Next, 1 L of T4 DNA ligase (New England Biolabs) was added, 
and the mixture was placed in a 15 °C water bath overnight (~16 h).  
The next day, the ligated products were transformed into DH5 Escherichia coli cells by 
mixing 7.5 L of the ligation mixture with 100 L of cells thawed on ice. Following 
incubation on ice for 60 min, the DNA-E. coli mixture was heat shocked at 42 °C for 45 s 
and immediately placed on ice for 3 min. Subsequently, 900 L of Luria-Bertani (LB) 
broth was added to the heat-shocked microcentrifuge tube, and the ~1 mL mixture was 
transferred into a 15 mL sterile Falcon tube. The Falcon tube was incubated at 37 ºC with 
constant shaking at 200 rpm for 90 min. After this recovery period, the LB was 
transferred back into a microcentrifuge tube and centrifuged at 10,000 ×g for 10 min at 
ambient temperature. After removing ~900 L of the supernatant, the resulting cell pellet 
was resuspended in ~100 L of the remaining LB. Finally, the bacteria were plated on 
agar plates containing 60 g ml-1 kanamycin. The plates were incubated overnight at 37 
°C in an air incubator. 
The resultant colonies were screened for the presence of the pET-28a vector containing 
the inserts of interest by PCR. Approximately 4-5 colonies were individually suspended 
in 20 L of dH2O contained in sterile microcentrifuge tube. Subsequently 9.5 L of the 
colony suspension was added to 10 L of 2× Taq Frogga Mix (FroggaBio) and 
supplemented with 0.25 L (~250 ng) each of T7 forward and reverse T7 terminator 
primers. These PCR mixtures (i.e. one mixture for each colony screened) prepared in 
thin-walled PCR tubes were amplified using an initial denaturation cycle set of 95 °C for 
3 min, followed by 32 cycles of denaturation at 95 °C for 1 min, annealing at 55 °C for 1 
min, and extension at 72 °C for 1 min. A final extension was performed at 72 °C for 2 
min (Table 2). Subsequently, the amplified mixtures were separated on a 1 % (w/v) 
agarose gel and visualized using EB as described above. Colonies which showed 
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amplification of a product corresponding to the expected size of the target insert plus the 
additional flanking bp of the T7 forward and T7 reverse primers were considered 
positive, and the associated remaining colony suspension was transferred into 5 mL LB 
media supplemented with 60 g ml-1 kanamycin. This inoculated LB was cultured 
overnight at 37 °C with constant shaking at 200 rpm. The following day, the Presto Mini 
Plasmid Kit (GeneAid) was used to purify the pET-28a-MCUR1 vectors from the liquid 
culture as described by the manufacturer protocol. Finally, the isolated DNA was sent for 
sequencing at the Robarts DNA Sequencing Facility (London, ON) to confirm the pET-
28a-MCUR1 vectors contained the insertion of interest in the correct pET-28a reading 
frame. 
The MCUR1161-230 and MCUR1161-209 constructs were generated using a PCR-mediated 
mutagenesis protocol that used the sequenced pET-28a-MCUR1161-338 construct as the 
template. Primers were designed to incorporate a STOP codon at the 210 (K210) and 231 
(M231) residue for MCUR1161-209 and MCUR1161-230, respectively (Table 1). For each 
construct, two separate mixtures for the forward and reverse reactions were prepared in 
thin-walled PCR tubes. Each mixture contained ~75 ng pET-28a-MCUR1161-338 template 
in 0.5 L, 4L 5× HF buffer, 0.4 L of 10 mM dNTP mix, 14.45 L dH2O, ~125 ng 
forward or reverse primer in ~0.4 L, and 0.25 L Phusion DNA polymerase (Thermo 
Fisher Scientific). Mixtures were separately amplified using an initial denaturation cycle 
set of 98 °C for 30 s, followed by 5 cycles of denaturation at 98 °C for 15 s, annealing at 
55.5 °C for 45 min, and extension at 72 °C for 3.5 min and a final temperature drop to 4 
°C. After the 5 cycles of PCR, the forward and reverse reactions were quickly mixed 
together and subjected to a further 15 cycles of PCR using the same thermocycling 
parameters as was used for the individual primer amplifications, with the exception that a 
final 72 °C extension for 5 min was performed following the 15 cycles (Table 2).  
To confirm that the amplification of the vector was successful, a 15 L aliquot of the 
amplified product was electrophoresed alongside an equivalent amount of template DNA 
on a 1 % (w/v) agarose gel and visualized by EB staining as described above. A higher 
relative intensity for the PCR-amplified product compared to the vector template control 
lane which contained an equivalent amount of unamplified template was used as an 
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indicator of a successful PCR reaction. Once the amplification was confirmed, 0.6 L of 
DpnI restriction enzyme (New England Biolabs) was added to the remaining 25 L of 
PCR mixture to digest the methylated template DNA and incubated at 37 °C for 3 h in an 
air incubator. The digested mixture is then transformed into DH5 E. coli cells as 
described above for the ligations. Approximately 3-4 colonies were selected from the 
plate after overnight incubation and inoculated into separate 15 mL Falcon tubes 
containing 5 mL LB media supplemented with 60 g mL-1 kanamycin. After overnight 
incubation at 37 °C with constant shaking at 200 rpm, plasmids were isolated using the 
Presto Mini Plasmid Kit (GeneAid) and sent for sequencing at Robarts DNA Sequencing 
Facility (London, ON) to confirm the vectors contained the mutations of interest in the 
correct pET-28a reading frame.
A similar mutagenesis protocol was followed for engineering each of the mutant pET-
28a-MCUR1161-338 and -MCUR1161-209 constructs. The MCUR1161-338 and MCUR161-209 
mutant constructs were generated targeting the residues identified in self-association 
interface of MCUR1161-209 which includes A170R/L174R, V203R/Y204R, and 
C173P/L174P/L175P. Additional charge neutral A170S/174S and V203S/Y204S mutants 
were also generated for the MCUR1161-209 construct. A MCUR1161-338 mutant construct 
targeting the acidic residues (i.e. D315N/E318Q/E321Q) as a putative Ca2+ binding site 
on the second coiled coil domain was also generated. Primers were designed to 
incorporate double and triple point substitution mutations as summarized in Table 1. The 
sequenced pET-28a MCUR1161-338 and pET-28a MCUR1161-209 constructs were used as 
template DNA for the respective MCUR1161-338 and MCUR1161-209 mutants (Table 2). 
Colony screening and sequencing was also performed for each of the mutant constructs 
as described above.  
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Table 1. Oligonucleotide primers designed for generating constructs used in the 
research described in this thesis. 
Primer Sequence 
pET-28a MCUR1161-338a 
5’-CTAATCGCTAGCAGCAGGAAACTCTACTTCGACACTCATGCC-3’ 
5’-GAGTAGCTCGAGCTATTTAATATTATCAAGCTTGTGTGACTCAAG-3’ 
pET-28a MCUR1161-270a 
5’-CTAATCGCTAGCAGCAGGAAACTCTACTTCGACACTCATGCC-3’ 
5’-GAGTAGCTCGAGCTAATCTGTTCGGACTTTGATCACTTCATCCAT-3’ 
pET-28a MCUR1161-230b 
5’-GCGAATGTGAAAAAGGATtaGATTATTTTGGAGAAG-3’ 
5’-CTTCTCCAAAATAATCtaATCCTTTTTCACATTCGC-3’ 
pET-28a MCUR1161-209b 
5’-CAAAGATATGGTCACCtAGATGCAGCAGGAAATC-3’ 
5’-GATTTCCTGCTGCATCTaGGTGACCATATCTTTG-3’ 
pET-28a MCUR1161-338 
& MCUR1161-209 
A170R/L174Rb 
5’-CTACTTCGACACTCATcgCTTAGTGTGCagACTGGAAGACAATGGG -3’ 
5’-CCCATTGTCTTCCAGTctGCACACTAAGcgATGAGTGTCGAAGTAG-3’ 
pET-28a MCUR1161-338 
& MCUR1161-209 
V203R/Y204Rb 
5’-GAGGCCAACATGGACATCcgCcgCAAAGATATGGTCACC-3’ 
5’-GGTGACCATATCTTTGcgGcgGATGTCCATGTTGGCCTC-3’ 
pET-28a MCUR1161-338 
& MCUR1161-209 
C173P/L174P/L175Pb 
5’-GACACTCATGCCTTAGTGccCccAccGGAAGACAATGGGTTTGC-3’ 
5’-GCAAACCCATTGTCTTCCggTggGggCACTAAGGCATGAGTGTC-3’ 
pET-28a MCUR1161-209 
A170S/L174Sb 
5’-CTACTTCGACACTCATagCTTAGTGTGCagcCTGGAAGACAATGGG-3’ 
5’-CCCATTGTCTTCCAGgctGCACACTAAGctATGAGTGTCGAAGTAG-3’ 
pET-28a MCUR1161-209 
V203S/Y204Sb 
5’-GAGGCCAACATGGACATCagCagCAAAGATATGGTCACC-3’ 
5’-GGTGACCATATCTTTGctGctGATGTCCATGTTGGCCTC-3’ 
pET-28a MCUR1161-338 
D315N/E319Q/E321Qb 
5'-GCCCTTACCCAGACAaACAGGAAGATCcAAACTcAGGTTGCTGGCCTCAAA-3' 
5'-TTTGAGGCCAGCAACCTgAGTTTgGATCTTCCTGTtTGTCTGGGTAAGGGC-3' 
T7 promoterc 5′-TAATACGACTCACTATAG-3′ 
T7 terminatorc 5’-GCTAGTTATTGCTCAGCGG-3’ 
All primers were synthesized by Sigma-Aldrich (St. Louis, MO). 
Nhe1 (forward) and Xho1 (reverse) restriction sites are underlined. 
a subcloning primer 
b mutagenesis primer 
c sequencing primer 
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Table 2. Summary of the PCR amplification parameters used for mutagenesis and 
construct cloning. 
 
pET-28a 
MCUR161-338 & 
MCUR1161-270 
subcloning 
pET-28a 
MCUR1161-338 
209-STOP & 
230-STOP 
mutagenesis 
pET-28a 
MCUR1161-209 
A170/L174 
V203/Y204 
C173/L174/L175 
mutagenesis 
pET-28a 
MCUR1161-338 
A170/L174 
V203/Y204 
C173/L174/L175 
mutagenesis 
pET-28a 
MCUR1161-338 
D315/E318/E321 
mutagenesis 
 35 cycles 5 + 15 cycles 10 + 25 cycles 10 + 25 cycles 5 + 15 cycles 
 Temp 
(°C) 
Time 
(s) 
Temp 
(°C) 
Time 
(s) 
Temp 
(°C) 
Time 
(s) 
Temp 
(°C) 
Time 
(s) 
Temp 
(°C) 
Time 
(s) 
Int. denaturation 98 60 98 30 98 60 98 60 98 30 
Denaturation 96 30 98 15 98 45 98 45 98 15 
Annealing 56a 60 55.5b 45 54-56 60 54-56 60 55.5 45 
Extension 72 30 72 210 72 210 72 210 72 210 
Final extension 72 120 72 300 72 300 72 300 72 300 
Storage 4 ∞ 4 ∞ 4 ∞ 4 ∞ 4 ∞ 
a Annealing temperature was 58 °C for MCUR1161-338 
b Annealing temperature was 56 °C for MCUR1161-230 
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2.3 Protein expression and purification 
The expression of all wild type and mutant MCUR1 constructs was carried out by 
transforming BL21(DE3) E. coli as described above for the DH5 transformations with 
the following modifications: first, the recovery period was 60 min in 900 L of LB; 
second, no cell pelleting step was used; third, 150 L of the diluted cells from the 1000 
L total cell suspension were plated. Cells were plated on an agar plate containing 60 g 
ml-1 kanamycin for selecting the viable colonies that had incorporated the desired 
construct. After overnight incubation of the plate at 37 °C in an air incubator, an 
individual colony was used to inoculate a starter liquid culture containing 25 mL LB 
supplemented with 60 g ml-1 kanamycin in a 250 mL Erlenmeyer flask. This starter 
culture was grown overnight at 37 °C with 190 rpm constant shaking. The 25 mL starter 
culture was then equally distributed into 4× 500 mL LB contained in 2 L Erlenmeyer 
flasks. The 500 mL of LB contained in each 2 L flask was supplemented with 60 g mL-1 
kanamycin. These 2 L flasks were incubated at 37 °C with ~190 rpm constant shaking to 
promote the bacterial cell culture growth. Once the optical density at 600 nm (OD600) 
reached ~0.6-0.8, cells were induced to express the protein of interest with the addition of 
isopropyl -D-1-thiogalactopyranoside (IPTG) to a final concentration of 200 M. The 
incubation temperature was reduced to ambient after the addition of the IPTG, and the 
cells were allowed to express for ~16 h. After this overnight incubation, the cells were 
harvested using a JA10 rotor in J2-21M induction drive centrifuge (Beckman, Inc.) at 
7,250 ×g, 8 °C for 30 min. The resultant cell pellets were stored at -80 °C until protein 
purification.  
Purification of the frozen cell pellets was carried out under denaturing conditions using 
solubilization buffer consisting of 6 M guanidine hydrochloride, 20 mM TRIS-HCl (pH 
8.8), and 5 mM-mercaptoethanol (BME). The cell pellet, corresponding to a ~5-7 mL 
wet volume held in a 50 mL conical tube, was manually homogenized using a transfer 
pipette in the presence of ~40 mL solubilization buffer. Once homogenized, the mixture 
in the conical tube was slowly rotated in a hybridization oven maintained at ambient 
temperature for 90 min to promote solubilization by mechanical mixing of the solution. 
Next, the mixture was centrifuged using a JA20 rotor in J2-21M induction drive 
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centrifuge at 10,000 ×g, 8 °C for 50 min to separate the insoluble cell debris from the 
supernatant containing the soluble protein. The clarified supernatant (~40 mL) was 
subsequently incubated with 400 L of a 50 % (v/v) nickel-nitrilotriacetic acid (Ni-NTA) 
agarose bead slurry (HisPur, ThermoFisher Scientific) and placed in the hybridization 
oven for end-over-end mixing at ambient temperature for 90 min. The Ni-NTA beads 
containing the 6×His-bound protein was captured by flowing the entire mixture through a 
gravity filtration column. To increase protein yield of precious 15N and/or 13C-labelled 
proteins (see below), the flow through (~40 mL) was remixed with 300 L unused Ni-
NTA beads and incubated in the hybridization oven as described above to extract any 
remaining unbound protein. The beads retained by the gravity filtration column were 
subsequently washed with 3× 15 mL wash buffer composed of 6M urea, 20 mM TRIS-
HCl (pH 8.8), and 5 mM BME. After completion of the three washes, elution of the 
protein was carried out using 7× 3 mL of elution buffer composed of 6M urea 20 mM 
TRIS-HCl (pH 8.8), 5 mM BME, and 300 mM imidazole. Each 3 mL aliquot of elution 
buffer onto the beads in the gravity flow column was incubated for 90 s prior to flowing 
into a glass collection tube.  
The presence of the protein in the eluted fractions was confirmed by separating aliquots 
of each fraction on a 15 % (w/v) SDS-PAGE gel, followed by Coomassie blue staining of 
the gel. Elution fractions containing the protein of interest based on migration in the gel 
relative to a set of protein standards were then pooled into a 3,500 Da dialysis membrane 
(BioDesign), and the bag was placed in 1 L refolding buffer composed of 20 mM TRIS 
(pH 8.8), 150 mM NaCl, and 1 mM dithiothreitol (DTT). After ~24 h of refolding at 4 °C 
and slow mixing with a magnetic stir bar, the 6×His tag was cleaved off the protein by 
adding ~1 U mg-1 thrombin (Biopharm) into the dialysis bag and proceeding with dialysis 
at 4 °C for an additional 24 h. To confirm that the efficiency of the thrombin digestion 
was close to 100 %, a pre and post thrombin aliquot was separated on a 15 % (w/v) SDS-
PAGE gel and visualized using Coomassie blue staining.  
To achieve ~95 % purity, all MCUR1 proteins were further purified using size-exclusion 
gel chromatography (SEC) (Figure 3, 4, 5, and 6). The SEC was performed using a 
Superdex 200 10/300 GL column (GE Healthcare) connected to an AKTA Pure Fast 
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Purification Liquid Chromatography (FPLC) system (GE Healthcare). The running buffer 
used for SEC was composed of 20 mM HEPES, 150 mM KCl, 1 mM DTT, pH 7.5 for 
the MCUR1161-209, MCUR1161-230 and MCUR1161-270 proteins and pH 8.3 for MCUR1161-
338. For this SEC purification step, the dialyzed/thrombin-digested samples were 
concentrated to ~1.5 – 2.0 mL using a 10,000 Da molecular weight cutoff Amicon 
Ultrafiltration concentrator (Millipore), and the SEC column was equilibrated with a 
minimum of 1 column volume of running buffer. The ~1.5 – 2.0 mL protein sample was 
injected onto the column in a single step, and the molecules were separated based on size 
using a flow rate of 0.5 mL min-1. Elution was monitored by UV absorbance at 280 nm 
and collected in 1 mL fractions. Aliquots of fractions which showed UV 280 nm 
absorbance were then separated on a 15 % (w/v) SDS-PAGE gel, and the gel was 
Coomassie stained to confirm the presence and purity of the protein of interest. Fractions 
which showed a single band migrating in the SDS-PAGE gel near the theoretical 
molecular weight of the monomer were pooled and stored at 4 °C for biophysical, 
biochemical and structural analyses performed within ~3 days or flash frozen in liquid 
nitrogen and housed at -80 °C for long term storage. 
Protein concentrations for all proteins were routinely determined using the primary 
structure-derived UV extinction coefficients at 280 nm (Table 3). 
The expression of uniformly single 15N- or 13C-labelled and double 15N, 13C-labelled 
samples was carried out using M9 minimal media in the place of LB. The M9 media was 
prepared by first making up M9 salts composed of 42 mM Na2HPO4, 22 mM KH2PO4, 
and 8.6 mM NaCl, pH 7.4 in 1 L of dH2O. This 1 L of M9 salts were sterilized by 
autoclaving for 20 min. On the day of protein expression, the M9 growth medium was 
prepared by supplementing the autoclaved M9 salts with additives (i.e. D-glucose, 
NH4Cl, MgSO4, CaCl2, thiamine and biotin) required for growth and expression using 
NH4Cl and D-glucose as the primary nitrogen and carbon sources, respectively. The 
additives were pooled into a 50 mL conical tube and filtered directly into the M9 salts 
through a 0.2 m syringe filter (Millipore). The final concentration of the additives in the 
1 L of M9 media was 0.2 % (w/v) D-glucose (or 13C-D-glucose), 0.2 mg ml-1 NH4Cl (or 
15N-NH4Cl), 1 mM MgSO4, 1 M CaCl2, 50 M thiamine, and 1 g ml-1 biotin. 
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Similar to the unlabeled expression, a 20 mL LB starter culture was grown at 37 °C 
overnight with 190 rpm constant shaking. The next day, the bacterial starter culture was 
centrifuged at 1,800 ×g for 15 min to pellet the cells and the LB media was decanted. The 
pelleted BL21 cells were subsequently resuspended gently in 10 mL of the M9 media and 
transferred into the bulk of the 1 L of M9 media contained within a 4 L flask. Cell 
growth, expression and purification was carried out as described for the unlabeled 
proteins above. Based on the observed ~95 % purity of the labelled samples after the 
thrombin digestion, as observed by the SDS-PAGE gel analysis, further purification steps 
following the dialysis into experimental buffer were not performed in order to minimize 
protein loss.  
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Table 3. Primary structure-based estimation of the biochemical properties of 
protein constructs. 
Protein construct Molecular weight (Da) 
Extinction coefficient 
((mg/mL)-1cm-1) at 280 nm Estimated pI 
MCUR1161-338 21,233.6 0.1808 6.70 
MCUR1161-270 13,315.5 0.1923 5.88 
MCUR1161-230 8,578.9 0.2984 5.78 
MCUR1161-209 6,102.0 0.4195 5.12 
MCUR1161-338 A170R/L174R 21,361.7 0.1798 7.56 
MCUR1161-338 V203R/Y204R 21,283.7 0.1203 7.56 
MCUR1161-338 AC173P/L174P/L175P 21,195.5 0.1812 6.72 
MCUR1161-209 A170R/L174R 6,230.2 0.4109 6.53 
MCUR1161-209 V203R/Y204R 6,152.1 0.2081 6.53 
MCUR1161-209 AC173P/L174P/L175P 6,063.9 0.4222 5.12 
MCUR1161-209 A170S/L174S 6,092.0 0.4202 5.12 
MCUR1161-209 V203S/Y204S 6,013.9 0.1995 5.12 
MCUR1161-338 D315N/E319Q/E321Q 21,230.6 0.1809 8.08 
Protein calculator v3.4 was used to obtain the predicted values. 
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2.4 Far-UV circular dichroism (CD) 
Far-UV CD experiments were carried out in 20 mM HEPES, 150 mM KCl, 1 mM DTT 
at pH 7.5 for MCUR1161-209, MCUR1161-230 and MCUR1161-270 constructs, and pH 8.3 for 
MCUR1161-338 construct. The far-UV CD spectra and thermal melt measurements were 
conducted to determine the secondary structure and thermal stability of each construct, 
respectively. For each experiment 280 µL of 0.5 mg mL-1 protein was placed in a 0.1 cm 
path length quartz cuvette. Data was acquired using the Jasco J-815 CD Spectrometer 
(Jasco, Inc.) equipped with a Jasco PTC-423S temperature control unit. Each spectral 
measurement was carried out as an average of 3 accumulations at 4 °C from 240 to 200 
nm with 1 nm increments at 20 nm min-1, an averaging time of 8 s, and a 1 nm 
bandwidth. Thermal melts were acquired by monitoring the changes at 222 nm while the 
temperature was increased from 4 to 95 °C at 1 °C min-1 increments, using an averaging 
time of 8 s. To assess the effect of divalent cations on the secondary structure of the 
proteins, the Ca2+ free spectra were acquired first, and then the spectral acquisition was 
repeated following the addition of 10 mM Ca2+ into the same sample, which was also 
used for the Ca2+ loaded thermal melt analysis. The cuvette was then extensively washed 
with 2 % (w/v) SDS and dH2O, and a new aliquot of protein was used to obtain the Ca2+ 
free thermal melt. Furthermore, spectra of the experimental buffers in the absence of 
protein were also acquired and subtracted from the protein CD signals to remove the 
buffer contributions. The analysis of thermal melts was conducted using GraphPad, 
where a Boltzmann sigmoidal fit was applied to each curve which exhibited a single 
unfolding transition to extract the apparent midpoints of temperature denaturation (Tm). 
For curves which showed two unfolding transitions, the curve was first normalized from 
0 to 1 based on the apparent folded (i.e. set to 0) and unfolded (i.e. set to 1) baselines of 
the first transition, and the temperature where the fractional change was ~0.5 was taken 
as the first Tm (Tm1). Subsequently the curve was normalized from 0 to 1 based on the 
apparent folded and unfolded transitions of the second transition, and the temperature 
where the fractional change was ~0.5 was taken as the second Tm (Tm2). 
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2.5 Extrinsic 8-anilinonapthalene-1-sulfonic acid (ANS) 
fluorescence  
The relative levels of solvent-exposed protein hydrophobicity were monitored by ANS 
binding and the associated changes in extrinsic ANS fluorescence. These extrinsic ANS 
fluorescence measurements were performed using a Cary Eclipse spectrofluorometer 
(Varian/Agilent, Inc) which was temperature equilibrated at 35 °C with a circulating 
water bath. Experimental buffers were as described above for the CD experiments. Each 
protein sample contained 600 L of 0.15 mg mL-1 protein, 50 M ANS, and 0.1 mM 
EDTA placed in a quartz cuvette containing four clear sides. The excitation wavelength 
was set to 372 nm. The extrinsic ANS fluorescence emission spectra were acquired from 
400 to 600 nm, with the photomultiplier tube (PMT) detector set at 660 V for MCUR1161-
338 and 690 V for MCUR1161-270. Excitation and emission slit widths were set to 10 and 
20 nm, respectively, for all ANS experiments. To monitor Ca2+-induced changes in 
exposed hydrophobicity of the proteins, Ca2+ was titrated into the samples between 1 to 
80 mM with a 10 min incubation time between each incremental measurement. Buffer 
contributions to the ANS fluorescence were monitored by acquiring similar spectra in the 
absence of protein. 
2.6 Size exclusion chromatography with in-line multi-angle light 
scattering (SEC-MALS) 
SEC-MALS was performed to evaluate the quaternary structure of MCUR1 protein. A 
Superdex 200 Increase 10/300 GL column (GE Healthcare) connected to an AKTA Pure 
FPLC (GE Healthcare) was used for SEC and was placed in line with a DAWN HELEOS 
II (Wyatt Corp.) multi-angle light scattering (MALS) detector equipped with a 658 nm 
laser and an Optilab Trex differential refractometer (Wyatt Corp.) equipped with a 658 
nm LED source. All systems were housed in a cold cabinet, maintaining the temperature 
at ~10 °C.  
Experimental buffers were as described above for the CD experiments. The proteins were 
concentrated to ~6 mg mL-1 using 10,000 Da molecular weight cutoff centrifugal 
concentrators and subsequently diluted using the experimental buffer for the 4 and 2 mg 
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mL-1 trials. The Superdex 200 Increase 10/300 GL column was equilibrated in the 
appropriate experimental buffer for at least 2 column volumes. Samples were centrifuged 
at 6,500 ×g for 10 min at 4 °C immediately before loading onto the column to remove 
insoluble particles. For each protein concentration, 100 L of sample was injected onto 
the column via the manual 200 L connected to the AKTA Pure system and moved 
through the system using a flow rate of 0.5 mL min-1. The protein concentration through 
the eluted peaks was determined by the differential refractometer using a refractive index 
increment (dn/dc) of 0.185 mL g-1. Molecular weights were calculated by Zimm plot 
analysis of the MALS signals and measured protein concentration using the ASTRA 
software (v6.1.5.22; Wyatt Corp.).  
To probe the effect of divalent cations on the quaternary structures, the protein samples 
and the running buffers were supplemented with 10 mM Ca2+ or 40 mM Mg2+; further, 
the column was re-equilibrated as described above prior to sample injection. 
Additionally, a control experiment with ~2 mg ml-1 bovine serum albumin (BSA) 
solubilized in experimental buffer (i.e. 20mM HEPES, 150 mM KCL, 1mM DTT, and 
pH 7.5) was injected to extract the normalizing constants at each MALS detector angle 
and for peak alignment of the refractive index and light scattering signals (Figure 7).  
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2.7 Structural elucidation using solution nuclear magnetic 
resonance (NMR) spectroscopy 
All NMR experiments were carried out using the Varian INOVA 600 MHz magnet 
housed in the Biomolecular NMR facility at the University of Western Ontario. The 
characterization of MCUR1161-209 by NMR required optimization of buffer conditions to 
obtain a 1H-15N-heteronuclear single quantum coherence (HSQC) spectrum that provided 
intense amide H(N) peaks for all 55 amino acids which includes the non-native, N-
terminal GSHMAS residues remaining after thrombin digestion. The initial buffer 
conditions were 20 mM HEPES, 150 KCl, and 1 mM DTT at pH 7.5, similar to the 
conditions used in the biophysical characterization experiments. However, reduced salt 
concentration and pH was found to improve the intensity and increase the number of 
H(N) peaks visible in the 1H-15N-HSQC spectrum. Thus, the final NMR buffer was 
composed of 50 mM NaH2PO4 and 1 mM DTT at pH 6.5. All NMR experiments were 
carried out at 35 °C.  
All NMR samples were prepared in a total of 600 L and were composed of ~325 M 
protein, 60 M 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS), and 10 % (v/v) or 100 
% D2O. For the protein samples required in 100 % D2O. The NMR samples were 
prepared as per usual to a volume of ~600 L, and the H2O was subsequently evaporated 
overnight under centrifugation and vacuum using an Eppendorf Vacufuge housed at 4 °C 
(Eppendorf). This dried sample was then carefully resuspended in 600 L of 100 % D2O 
for downstream NMR applications. The Wilmad thin walled (0.38 mm), 7-inch, 5 mm 
OD NMR tubes were used for the NMR experiments. 
Backbone atom chemical shift assignments were obtained from 1H-15N-HSQC, HNCO, 
CBCA(CO)NH and HNCACB experiments (S. Grzesiek & Bax, 1993; L. E. Kay et al., 
2011; A. C. Wang et al., 1994). Furthermore, 1H-13C-HSQC, (H)C(CO)NH-TOCSY and 
HCCH-TOCSY experiments were performed for side chain assignments (T. M. Logan et 
al., 1992; A. C. Wang et al., 1994). Finally, 15N-edited and 13C-edited NOESY-HSQC 
experiments were conducted to obtain the Nuclear Overhauser effect (NOE) restraints 
used to calculate the three dimensional (3D) solution structure of MCUR161-209 (L. E. Kay 
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et al., 1989). Table 4 provides a summary of the NMR experiments, dimensionality, 
protein labeling scheme, solvent conditions, and user-modified parameters for each NMR 
experiment performed. 
All spectra were processed using NMRPipe, whereas the resonance assignments were 
made using computer aided resonance assignment (CARA) and NEASY (Bartels et al., 
1995; Delaglio et al., 1995; Keller et al.). The online TALOS+ server was used to obtain 
the dihedral angle restraints based on the assigned chemical shifts (Shen et al., 2009). 
Hydrogen bond restraints were derived from the TALOS+ secondary structure output and 
using the online CSI 3.0 server based on the inputted chemical shift assignments (Shen et 
al., 2009; Wishart & Sykes, 1994). CYANA (v2.1) was used for automated NOE 
assignment and structure calculation based on ~91 % complete 1H chemical-shift 
assignments and 3D NOESY-HSQC-derived peaks (Guntert, 2004; Mal et al., 2002).  
All structure images were rendered using PyMOL (Schrodinger, 2015). 
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Table 4. Summary of the experimental parameters used for the solution NMR data 
acquisition. 
Experiment 1H frequency 15N frequency 13C frequency 1H sw 1H sw2 15N sw 13C sw 
1H-15N-HSQC 599.3 150.7 60.7 8000 - 1994.3 - 
1H-13C-HSQC 599.3 150.7 60.7 6499.8 - - 14000 
HNCO 599.3 150.7 60.7 8000 - 1944.3 3770.1 
CBCACONH 599.3 150.7 60.7 8000 - 1944.3 10000 
HNCACB 599.3 150.7 60.7 8000 - 1944.3 10000 
CCCNNH-TOCSY 599.3 150.7 60.7 8000 - 1944.3 11000 
HCCH-TOCSY 599.3 150.7 60.7 6499.8 6500 - 14000.7
15N-edited NOESY 599.3 150.7 60.7 8000 8000 1944.3 - 
13C-edited NOESY 599.3 150.7 60.7 8000 6499.8 - 14000.7
 
Experiment nt 1H points 1H incr. 15N incr. 13C incr. Labeling scheme Solvent# Refs 
1H-15N-HSQC 8 1024 - 64 - U-15N 90H/10D a 
1H-13C-HSQC 48 1024 - - 128 U-13C 100D a, b 
HNCO 32 1024 - 20 20 U-15N-13C 90H/10D c, d, e, f 
CBCACONH 40 1024 - 20 44 U-15N-13C 90H/10D g 
HNCACB 40 1024 - 20 44 U-15N-13C 90H/10D e, f, h 
CCCNNH-TOCSY 48 1024 - 20 48 U-15N-13C 90H/10D i 
HCCH-TOCSY 32 1024 44 - 32 U-13C 100D j, k 
15N-edited NOESY 32 1024 48 32 - U-15N 90H/10D a, l 
13C-edited NOESY 24 1024 64 - 32 U-13C 100D m 
Where ‘sw’ and ‘sw2’ represents sweep widths, ‘Nt’ represents number of transients, and ‘U’ corresponds to uniform. 
#Solvent percent composition of H and D corresponds to H2O and D2O, respectively. 
a (L. Kay et al., 1992) 
b (John et al., 1993) 
c (Ikura et al., 1990) 
d (Stephan Grzesiek & Bax, 1992) 
e (Muhandiram & Kay, 1994) 
f (L. E. Kay et al., 1994) 
g (Stephan Grzesiek & Bax, 1992) 
h (Wittekind & Mueller, 1993) 
i (Sattler et al., 1995) 
j (L. E. Kay et al., 1993) 
k (L. E. Kay et al., 1990) 
l (Zhang et al., 1994) 
m (Kupce, 1997) 
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2.7.1 Interface determination using paramagnetic resonance 
enhancement (PRE) NMR spectroscopy 
To identify residues involved in mediating self-association of MCUR1161-209, the single 
Cys at position 173 of MCUR1161-209 was nitroxide spin tagged. The nitroxide spin-
tagged MCUR1161-209 was then mixed with uniformly 15N-labelled MCUR1161-209 at a 1:1 
ratio and simple 1N-15N-HSQC spectra were acquired. The NMR-visible H(N) crosspeaks 
from the 15N-labelled MCUR1 subunits which were within ~10 Å of the nitroxide tag on 
unlabeled MCUR1 subunits exhibited a reduction in peak intensity due to the PRE effects 
of the nitroxide tag. Since the nitroxide-tagging was mediated by a 1-oxyl-2,2,5,5-
tetramethyl-∆3-pyrroline-3-methyl methanethiosulfonate (MTSL) functional group, 15 
mM DTT was used to remove the resultant covalent disulfide linkage and provide a 
baseline spectrum with no PRE effects for comparison (Figure 8).  
To nitroxide-tag the protein, 250 L of 2.8 mg mL-1 unlabeled MCUR161-209 was dialyzed 
2× in 1 L of 20 mM n-morpholino propanesulfonic acid (MOPS) buffer, 50 mM NaCl, 
and 0.1 mM TCEP-HCl, pH 8.3 at 4 °C. The dialyzed sample was then incubated in the 
dark for ~16 h at room temperature with a final concentration of 1.5 mM MTSL. 
Following this tagging procedure, the protein was dialyzed 2× in 1 L of 50 mM 
NaH2PO4, pH 6.5 at 4 °C, to remove any unreacted label and leave the sample in 
experimental buffer conditions. Concurrently, an equivalent amount of uniformly 15N-
labelled MCUR1161-209 was also dialyzed 2× in the same buffer conditions. Both samples 
were then mixed and left at room temperature in the dark for ~72 h to promote exchange 
of tagged and labelled monomers within dimer proteins. The 500 L solution was then 
supplemented with 40 L NMR buffer containing no DTT, 60 M DSS, and 10 % (v/v) 
D2O, to a final volume of 600 L before acquiring a 1H-15N-HSQC at 35 °C on the 
Varian INOVA 600 MHz NMR spectrometer. A second 1H-15N-HSQC at 35 °C was 
acquired after the removal of MTSL nitroxide tag with the addition of 15 mM final DTT 
to the mixture. The peak intensities from the 1H-15N-HSQC spectra acquired in the 
presence and absence of DTT were determined using NEASY in CARA (Bartels et al., 
1995; Keller et al.). To map the interface, the H(N) crosspeak intensity ratios with and 
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without DTT were ranked from lowest to highest, and the top 20 most broadened peaks 
were mapped on the surface of the MCUR1161-209 monomer structure. 
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Chapter 3  
3  Results 
3.1 The conserved matrix region of MCUR1 is highly -helical. 
Currently, there is no high resolution structural information available on MCUR1. My 
research focused on the matrix-oriented structured region of MCUR1 since it represents 
the largest topological segment of the protein (Figure 1). Additionally, research from our 
group previously showed that matrix domain interactions with MCU can affect 
mitochondrial Ca2+ uptake (S. K. Lee et al., 2016). According to PSIPRED, a 
bioinformatics tool that predicts the secondary structure of proteins using their amino 
acid sequence, the MCUR1 matrix domain between residue 161 – 338 is predicted to be 
predominantly -helical. In contrast, residues ~85 – 160 are predicted to remain 
unstructured. Thus, I expressed and purified a series of MCUR1 matrix domain 
constructs encompassing the full structured region (i.e. residues 161-338), only one of the 
two putative coiled coil domains (i.e. residues 161-270), no putative coiled-coil domain 
(i.e. residues 161-230) and a minimal construct encompassing the most highly predicted 
-helices with no coiled coil domain (i.e. residues 161-209); these constructs are named 
MCUR1161-338, MCUR1161-270, MCUR1161-230 and MCUR1161-209, respectively, in this 
thesis. I expressed and purified each of the corresponding proteins to > 95 % purity using 
an E. coli expression and purification strategy (see Materials and Methods). 
To experimentally assess the level of secondary structure and confirm the PSIPRED 
predictions for each of these protein constructs, first, I conducted far-UV CD 
measurements on each protein (Figure 9A, 9B, 9C, 9D). Our results show two distinct 
minima in the far-UV CD spectra at ~ 208 and 222 nm for each protein construct. These 
minima indicate predominantly -helical structures for all four protein constructs 
(Holzwarth & Doty, 1965). The most intense mean residue ellipticity (MRE) was 
observed for the MCUR1161-270 construct, probably due to the presence of the largest 
coiled coil domain (i.e. coiled coil-1 (CC1)) (Figure 2 and Table 5). MRE normalizes the 
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CD signal on a per residue basis, where more negative MRE signal at 208 and 222 nm 
indicates greater overall -helicity. 
Given the past work from our group showing that divalent cations such as Ca2+ and Mg2+ 
can regulate mitochondrial Ca2+ uptake through MCU, I next assessed the level of 
secondary structure of each of the protein constructs in the presence of 10 mM CaCl2 (S. 
K. Lee et al., 2016). At 4 °C where the CD spectra were acquired, the presence of Ca2+ 
did not significantly change the MRE signal or shapes of the spectra. Overall, my far-UV 
CD data show that the MCUR1 matrix region primarily folds into -helical 
configurations, and the level of -helicity does not appear to be sensitive to high levels of 
Ca2+. 
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3.2 The coiled coil domains destabilize the MCUR1 matrix 
region. 
Having found that the MCUR1 matrix region is highly -helical, I next assessed the 
stability of each protein construct. I evaluated the change in far-UV CD signal at 222 nm 
as a function of temperature from 4 °C to 95 °C as an indicator of protein construct 
stability. Additionally, these thermal stabilities were semi-quantitated by determining the 
apparent midpoint of temperature denaturation (Tm), taken as the temperature causing a 
50 % relative change in CD signal. Interestingly, the results show a dramatic ~+20 °C 
increase in apparent Tm with the successive truncation of each coiled coil domain (Figure 
10A, 10B, 10C). Thus, the minimal MCUR1161-209 construct showed the highest stability 
with an apparent Tm > 90 °C (Figure 10D). Furthermore, the MCUR1161-338 construct 
exhibited at least two distinct unfolding transitions, indicating that coiled coil-2 (CC2) 
may be unfolding independently from the other matrix domains. All other thermal melts, 
including MCUR1161-270 containing CC1 showed only a single apparent unfolding 
transition.  
Next, I assessed the thermal stability of each of the protein constructs in the presence of 
10 mM CaCl2. While high CaCl2 levels did not affect the far-UV CD spectra of any of the 
protein constructs acquired at 4 °C, my thermal melts indeed revealed a sensitivity to the 
divalent cation. Both protein constructs containing coiled coils (i.e. MCUR1161-338 with 
two coiled coils and MCUR1161-270 with one coiled coil) exhibited altered thermal 
unfolding profiles (Figure 10A, 10B, and Table 5). The presence of 10 mM CaCl2 caused 
MCUR1161-270 to undergo a systematic shift in the single transition to lower temperatures, 
whereas MCUR1161-338 displayed an apparent increase in the Tm of the first transition and 
a decrease in the Tm of the second transition in the presence of 10 mM CaCl2. The Tm 
values of my MCUR1 constructs lacking coiled coils were not affected by CaCl2. 
Collectively, these thermal stability measurements suggest that the stability of the 
MCUR1 matrix region is sensitive to CaCl2, and this sensitivity is primarily conveyed via 
the coiled coil domains. 
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Table 5. Thermal stabilities of the MCUR1 constructs in the presence and absence 
of Ca2+ ions. 
 Construct Putative coiled coils 
CaCl2 
(10mM)
MRE at 222 nm 
(deg cm2 dmol-1) (x10
3
)
Apparent 
Tm1 (°C) 
Apparent 
Tm2 (°C) 
MCUR1 161-338 2 
- -9.3 ± 1.1  36.6 ± 5.3 * ~ 58 ** 
+ -8.6 ± 0.5 43.9 ± 0.5 * ~ 58 ** 
MCUR1 161-270 1 
- -11.8 ± 0.9 61.6 ± 0.1 * N/A 
+ -11.7 ± 0.9 58.2 ± 0.1 * N/A 
MCUR1 161-230 0 
- -9.0 ± 1.0 82.4 ± 0.4 * N/A 
+ -8.8 ± 1.0 81.8 ± 0.4 * N/A 
MCUR1 161-209 0 
- -7.5 ± 0.3 >90 ** N/A 
+ -7.5 ± 0.3 >90 ** N/A 
* Apparent midpoint of denaturation (Tm) values obtained using Boltzmann sigmoidal curve with sloping baselines 
** Apparent Tm estimated from the thermal melt curve 
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3.3 The MCUR1 matrix region self-association is influenced by 
the coiled coils. 
Given that MCU functions as a higher order complex in the presence of MCUR1, I next 
assessed the quaternary structure of my MCUR1 matrix domain constructs. I utilized 
SEC-MALS to ascertain the quaternary structure for all four MCUR1 constructs because 
it provides a measure of molar mass, independent of elution volume which can be 
affected by particle shape and interactions with column resins. The largest MCUR1161-338 
construct containing both coiled coil domains eluted with a molecular weight of 66.2 ± 
0.6 kDa which was ~3× the size of its theoretical monomeric molecular weight of 21.3 
kDa (Figure 11A). Similarly, MCUR1161-270 which contains CC1 also eluted with a 
molecular weight consistent with a homotrimer (Figure 11B and Table 6). In contrast, 
both MCUR1161-230 and MCUR1161-209 which contain no coiled coils showed a shift in the 
self-association equilibrium towards a dimer formation with the latter existing primarily 
as a homodimer (Figure 11C, 11D and Table 6). Experiments conducted with lower (i.e. 
~2 mg mL-1) and higher (i.e. ~6 mg mL-1) protein concentrations yielded similar results 
indicating relatively high self-association affinities given the large dilution which occurs 
on the column (i.e. minimum ~20× dilution) (Table 6). 
Despite observing a sensitivity in the thermal stability of the MCUR1 protein constructs 
containing coiled coils, the oligomerization state for all four constructs was not impacted 
by the presence of divalent cations. Specifically, the presence of 10 mM CaCl2 or 40 mM 
MgCl2 did not cause a significant shift in elution volume or the MALS-determined 
molecular weights for all four constructs (Figures 11A, 11B, 11C, 11D and Table 6). It 
should be noted that these SEC-MALS experiments were performed at 10 °C, and 
therefore, an effect of divalent cations on quaternary structure at physiological 
temperature cannot be ruled out. Collectively, my SEC-MALS data suggest that the 
MCUR1 matrix regions self-associate in solution with high affinity, and the coiled coils 
further potentiate this assembly into trimers. 
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Table 6. SEC-MALS analysis of MCUR1 constructs at various protein 
concentrations and in the absence and presence of Ca2+ and Mg2+ ions. 
 
Putative 
coiled coils
Theoretical 
monomeric 
weight (kDa) 
Protein 
conc. 
(mg mL-1)
CaCl2 
(10 mM) 
MgCl2 
(40 mM) 
MALS 
determined 
weight (kDa) 
Stoichiometric 
ratio 
M
C
U
R
1 
16
1-
33
8 
  2.0 67.9 ± 2.9 3.2
  4.3 - - 66.3 ± 0.6 3.1
  6.6 69.9 ± 0.5 3.3
  2.0 70.6 ± 2.3 3.3
2 21.3 4.3 + - 64.3 ± 0.4 3.0
  6.6 Bad DRI -
  2.0 63.8 ± 0.9 3.0
  4.3 - + 70.3 ± 0.7 3.3
  6.6 Bad DRI -
M
C
U
R
1 
16
1-
27
0 
  2.0 40.6 ± 1.2 3.1
  4.0 - - 37.3 ± 0.3 2.8
  6.9 41.5 ± 0.2 3.1
  2.0 41.8 ± 0.2 3.1
1 13.3 4.0 + - 41.7 ± 0.9 3.1
  6.9 39.8 ± 0.1 3.0
  2.0 36.5 ± 0.8 2.7
  4.0 - + 40.3 ± 0.7 3.0
  6.9 41.3 ± 0.3 3.1
M
C
U
R
1 
16
1-
23
0 
  2.0 20.4 ± 0.2 2.4
  4.0 - - 21.0 ± 0.2 2.4
  5.8 20.9 ± 0.2 2.4
  2.0 20.0 ± 0.3 2.3
0 8.6 4.0 + - 20.2 ± 0.2 2.3
  5.8 20.4 ± 0.2 2.4
  2.0 20.3 ± 0.5 2.4
  4.0 - + 19.8 ± 0.2 2.3
  5.8 20.4 ± 0.2 2.4
M
C
U
R
1 
16
1-
20
9 
  2.0 11.8 ± 0.2 1.9
  4.0 - - 12.0 ± 0.2 2.0
  5.9 12.0 ± 0.1 2.0
  2.0 13.0 ± 0.1 2.1
0 6.1 4.0 + - 12.4 ± 0.1 2.0
  5.9 12.5 ± 0.1 2.0
  2.0 13.1 ± 0.1 2.1
  4.0 - + 12.6 ± 0.1 2.1
  5.9 12.8 ± 0.1 2.1
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3.4 The MCUR1 matrix region coiled coils confer a divalent 
cation-dependent increase in exposed hydrophobicity. 
Given my thermal stability measurements which showed a Ca2+ sensitivity only for the 
constructs containing coiled coils, but no apparent change in secondary structure, I next 
examined the impact of divalent cations on the exposed hydrophobicity of these protein 
constructs. I used the extrinsic fluorescent probe ANS to evaluate the change in exposed 
hydrophobicity of MCUR1161-338 and MCUR1161-270 protein constructs in response to 
increasing levels of CaCl2. Upon binding to solvent-exposed hydrophobic patches on 
proteins, ANS undergoes an increase in fluorescence intensity along with a concomitant 
decrease in the wavelength of the fluorescence emission maximum. MCUR1161-338 
showed a dramatic increase in ANS binding-induced fluorescence even after the addition 
of 1 mM CaCl2. The ANS binding-induced fluorescence increase appeared to begin to 
saturate at ~40 mM Ca2+ for MCUR1161-338 (Figure 12A and 13). In contrast, the 
MCUR1161-270 construct lacking the putative CC2, displayed a minimal change in 
exposed hydrophobicity in response to the titrated increase of CaCl2 in the same 
concentration range as used for MCUR1161-338 (Figure 12B and 13). Fluorescence 
emission spectra of buffer loaded with ANS in the absence of protein were much less 
intense and did not change in response to the addition of CaCl2 (Figure 12A and 12B). 
Collectively, the ANS binding experiments suggest that Ca2+ binding causes an increase 
in the exposed hydrophobicity of the MCUR1 matrix region, and that this Ca2+-induced 
conformational change is dependent on the presence of CC2. 
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3.5 MCUR1161-209 is the most tractable construct for solution 
NMR structural analysis. 
Given my observations that the MCUR1 matrix domains self-associates and the 
knowledge that MCU functions as a higher order heteromeric complex which includes 
MCUR1, I next aimed to reveal the first atomic resolution insights into the basis for the 
MCUR1 assembly due to its potential implications in these processes. Initially, I targeted 
and expressed uniformly 15N-labeleled MCUR1161-270 due to its more NMR-tractable size. 
The MCUR1161-338 construct was excluded from my solution NMR initiatives due to its 
relatively large size for standard NMR pulse sequences and the relatively low field 
strengths available. I screened numerous solvent conditions in an attempt to resolve all 
expected amide H(N) crosspeaks in 1H-15N-HSQC spectra [i.e. one H(N) crosspeak 
expected per residue] of MCUR1161-270. This optimization included the use of various 
detergents, salts, and buffers. Following this solution condition screening, the best 1H-
15N-HSQC was obtained using 12 mM deoxycholate at 35°C. This MCUR1161-270 1H-15N-
HSQC exhibited ~80% of the expected H(N) backbone cross peaks (Figure 14A); 
however, the spectrum showed poor resolution near the central ~7.5-8.5 1H ppm region, 
as is typical of coiled coils (Schnell et al., 2005). Additionally, the MCUR1161-270 
spectrum and sample was not stable at 35°C for longer 3D experiments required for any 
high resolution structural elucidation.  
Consequently, I next aimed to structurally elucidate the MCUR1161-230 construct that is 
~+20°C more thermally stable than MCUR1161-270 (see above) and exists in an 
equilibrium between a homodimer and homotrimer. Unfortunately, the solvent 
optimization did not yield promising spectra likely due to the dimer-trimer equilibrium 
previously observed in our SEC-MALS. The unstable nature of either the dimer or trimer 
likely contributed to H(N) peak broadening and reduced spectral quality for the 
MCUR1161-230 construct. 
Finally, I focused on the MCUR1161-209 construct which did not contain any coiled coil 
domain and showed a stable dimeric molecular weight close to the expected theoretical 
mass of ~12.2 kDa (Figure 11D and Table 6). The initial 1H-15N-HSQC spectrum 
obtained for MCUR1161-209 at 35°C in 20 mM HEPES, 150 mM KCl and pH 7.5 provided 
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a higher quality spectrum [i.e. exhibiting most of the expected H(N) crosspeaks] 
compared to the other constructs, but still needed further solvent optimization to improve 
peak intensity homogeneity and to resolve all the expected H(N) crosspeaks (Figure 
14B). Ultimately, the use of 50 mM NaH2PO4 buffer at pH 6.5 allowed the visualization 
of missing H(N) crosspeaks and provided more homogeneous intensities. Interestingly, 
the relative position of many of the well-resolved downfield H(N) crosspeaks in the ~8.6-
9.0 1H ppm range was similar for all three MCUR1 constructs evaluated by NMR, 
suggesting that a core structure was maintained in all contexts. 
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3.6 The MCUR1161-209 matrix region adopts a compact globular 
shape. 
To solve the solution NMR structure of MCUR1161-209, I prepared uniformly 15N, 13C-
labeled MCUR1161-209 protein and acquired a series of 3D NMR experiments aimed at 
assigning the backbone and side chain chemical shifts of each H, N and C atom. From 
these experiments (see Materials and Methods), I was able to assign ~91 % of the 
expected chemical shifts. Using distance-based NOESY and chemical shift-based torsion 
angle restraint derivations, I solved the high-resolution structure of MCUR1161-209 with 
the CYANA 2.0 software (Table 7).  
Overall, MCUR1161-209 forms a compact triple--helix structure with two loops (Figure 
15). The backbone atom root mean square deviation (RMSD) for the 20 lowest energy 
structures is 0.9 Å and indicates a strong convergence of the restraints on a single 
conformation (Figure 15A). The compact structure consists of two nearly perpendicular 
-helices (1: residues 166-177 and 2: residues 182-198). A third short helix (3: 
residues 202-204) forms at the C terminal end of the protein (Figure 15B). A loop region 
joins 1 with 2 (L1: residues 178-181). Whereas, a second shorter linker joins the small 
 with the longer centrally located 2 (L2: residues 199-201) (Figure 15B). The 3D 
arrangement of the helices allows for close contacts between 1 and 3. Nevertheless, 
obtaining the chemical shift assignments at the C-terminal region were challenging, likely 
due to the dynamic nature of 3. These dynamics were supported by the systematically 
smaller order parameters (S2) derived for the C-terminal residues based on the chemical 
shift information (Figure 15C). 
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Table 7. Solution NMR structure statistics for the MCUR1161-209 construct. 
All atom completeness of resonance assignments (%)
H, N, C, O 91
Conformationally restricting restraints
Total 382
short range (|i-j|≤1) 180
Medium range (1<|i-j|<5) 107
Long range (|i-j|≥5) 95
Dihedral angle restraints a 
Phi 44
Psi 44
Hydrogen bond restraints 23
Residual restraint violations b 
Average number of distance violations per structure:
0.1-0.2 Å 0.95
0.2-0.5 Å 1.95
>0.5 Å 0.20
Largest distance violation (Å) 0.77
Average number of dihedral angle violations per structure:
1-10 (degrees) 0.65
>10 (degrees) 0.10
Largest dihedral angle violation (degrees) 17.22
Model quality c Global e Ordered f
RMSD backbone atoms (Å) 0.90 0.10
RMSD heavy atoms (Å) 1.40 0.80
RMSD bond lengths versus ideal (Å) 0.00 0.00
RMSD bond angles versus ideal (degrees) 0.20 0.20
Ramachandran statistics d  
Residues in most favoured regions (%) 90.6 97.1
Residues in allowed regions (%) 9.1 2.9 
Residues in generously allowed regions (%) 0.2 0.0 
Residues in disallowed regions (%) 0.0 0.0 
a Derived from the chemical shift assignments using TALOS-N (Shen & Bax, 2015). 
b Violations were identified if they occurred in 6 or more structures out of the 20 structure ensemble. 
c Calculated by the Protein Structure Validation Server (PSVS-1.5) (Bhattacharya et al., 2007). 
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3.7 The MCUR1161-209 matrix region forms a large 
electronegative surface patch. 
Next, I calculated the electrostatic surface potential of my MCUR1161-209 structure using 
the adaptive Poisson Boltzmann solver (APBS) and partial charge assignment of each 
atom using the PDB2PQR server (Jurrus et al., 2018). The electrostatic surface potential 
of MCUR1161-209 shows a large negatively charged surface patch on one side of the 
protein (Figure 16A). The prominent negatively charged residues contributing to this 
electronegative surface patch include E176 and D177 of 1, E197 of 2, D201 of L2 and 
the carboxyl terminus (Figure 16A). On the opposite face of the protein, a distinct 
electropositive patch is apparent (Figure 16B). This electropositive patch is primarily 
contributed to by the positively charged R162 and K163 residues near the amino terminus 
and K194 of 2. These regions may play a role in stabilizing the interactions between 
MCUR1 and other accessory proteins in the MCU complex via charge complementarity 
between the electropositive and electronegative patches (see below). 
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3.8 The 1 and 3 helices of MCUR1161-209 form the dimer 
interface. 
Having solved the high-resolution structure for MCUR161-209 construct and having 
revealed that this domain forms dimer in solution, I further aimed to elucidate the 
residues involved in forming the self-association interface. Given that MCUR1161-209 
contains a single Cys (i.e. C173) located in 1 of the globular structure, I used this 
unique feature as a tool to help map the location of the interface. Specifically, I used a 
PRE approach which nitroxide spin tagged the single cysteine residue [i.e. with MTSL] 
in an unlabeled MCUR1161-209 sample. Subsequently, I mixed the nitroxide-tagged 
MCUR1161-209 with uniformly 15N-labeled MCUR1161-209 in an equimolar ratio (see 
Materials and Methods). Finally, I acquired 1H-15N-HSQC spectra of the mixed sample in 
the absence and presence of 15 mM DTT. In the absence of the reducing agent, H(15N) in 
close proximity of the PRE tag showed crosspeaks with reduced intensities (Figure 17A). 
The addition of DTT then reduced the covalent bond between nitroxide spin tag and 
C173, and a subsequent 1H-15N-HSQC acquisition provided the baseline H(15N) peak 
intensity reading. Thus, simple intensity ratios from these 1H-15N-HSQC spectra helped 
establish the location of the interface, where the lowest intensity ratios suggest the closest 
H(15N) to the C173 probe location. 
After acquiring the 1H-15N-HSQC spectra in the presence and absence of the PRE-tagged 
protein, several H(15N) crosspeaks showed losses in peak intensity, consistent with the 
self-association of the protein construct. A plot of the intensity ratio versus residue 
number showed that many of the crosspeaks with the lowest intensity ratios clustered 
close together (Figure 17B). In particular, residues H169, A170, L171, V172, C173, 
L174, L175, and D177 located on 1 showed dramatic peak broadening [i.e. H(15N) 
crosspeak intensity ratios in the absence versus presence of DTT (IPRE/IDTT) ≤ 0.5] 
(Figure 17B). Other residues that showed dramatic reduction in peak intensities included 
A198 and V203, present on 2 and 3, respectively.  
Importantly, plotting the H(15N) IPRE/IDTT ratios as a color gradient on the surface of the 
MCUR1161-209 structure highlighted that many of the most broadened peaks cluster 
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together in 3D space predominantly on 1 and 3 (Figure 17C). Interestingly, the 
identified interface appears to align with the electronegative surface patches of the 
MCUR1161-209 construct (Figure 16A). Thus, my PRE data confirms that the MCUR1161-
209 protein construct self-associates under the NMR solution conditions, and the 1 along 
with the 3 helices form the interface which mediates this assembly. 
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3.9 The MCUR1161-209 matrix region is structurally homologous 
to the bacterial acid chaperone HdeB.  
Having solved the high resolution structure of the MCUR1161-209 region and having 
established the location of the dimer interface, I next searched for structural homologs 
among the currently available high resolution structures deposited in the Research 
Collaboratory for Structural Bioinformatics (RCSB) protein databank. I used the DALI 
web server to search the database (Holm & Sander, 1995). My search revealed that the 
acid stress chaperone HdeB from E. coli as a close structural homolog to my MCUR1161-
209 construct (Figure 18A). Remarkably, the sequence similarity between the MCUR1161-
209 and HdeB is only 5 %, yet the backbone RMSD between the two proteins is 2.2 Å 
after aligning the 3 helices. The 1 and 2 of MCUR1161-209 orient analogously with the 
two larger helices of HdeB. Additionally, although the 3 helix of MCUR1161-209 does 
not superimpose well with the helical axis of the C-terminal helix of HdeB, 3 presents 
in very close proximity to this C-terminal helix (Figure 18A). The HdeB protein does 
contain some prominent distinctions. In particular, the HdeB contains an extra helix at the 
N-terminal end of the protein and a much longer linker region between the two large 
helices compared to L1 of MCUR1161-209. Nevertheless, the overall structural similarity of 
HdeB to MCUR1161-209 suggests some interesting physiological functions for MCUR1 
which have not been previously explored or considered (see Discussion). 
Excitingly, the acid stress chaperone HdeB also exists as a symmetrical homodimer 
(Figure 18B). Further, the crystal structure of HdeB shows that the helix which aligns 
with 1 in MCUR1161-209 is central to the HdeB dimer interface, and the C-terminal helix 
of HdeB which aligns with MCUR1161-209 3 is also present in the interface (Figure 18B). 
Remarkably, based on my PRE data, 1 and 3 similarly forms the interface in 
MCUR1161-209. In HdeB, the two subunits appear to interact with 1-like helices of HdeB 
oriented approximately perpendicular to each other. Overall, the structural homology 
between HdeB and MCUR1161-209 strengthens the validity of the isolated structure and the 
relative location of the interface determined using the PRE approach. 
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3.10 Point mutations in 1 or 3 perturbs MCUR1161-209 and 
MCUR1161-338 assembly. 
Having defined the dimerization interface for the MCUR1161-209 protein construct through 
PRE-NMR experiments and finding that this interface is remarkably homologous to the 
HdeB dimer interface, I next introduced point mutations in 1 and 3 to study their 
impact on self-association of the construct. I used PCR-mediated, site-directed 
mutagenesis to introduce the mutations. Two of the mutants were designed to target the 
residues identified on 1, whereas one mutant targeted 3 (Figure 19). More specifically 
the A170R/L174R double mutant was aimed to disrupt the adjacent hydrophobic 
interactions of 1, whereas the aggressive C173P/L174P/L175P triple mutant was aimed 
at disrupting the 1 helix formation entirely. The V203R/Y204R double mutant was 
introduced into 3 to probe the role of this peripheral helix in self-association.  
All three mutations in the MCUR1161-209 construct led to dramatic reduction in protein 
yield as large amounts of aggregation and precipitation was observed. Additionally, the 
SEC elution profiles of each mutant changed in comparison to the wild-type MCUR1161-
209 profile. Specifically, the A170R/L174R mutation led to an earlier elution time (Figure 
20A). Interestingly, the A170R/L174R mutant showed two overlapping major elution 
peaks; one with a similar elution volume as the aggressive C173P/L174P/L175P triple 
mutant peak and one with an elution volume similar to the wild-type (Figure 20A). 
Finally, the V203R/Y204R double mutation in 3 also caused a shift in the major peak to 
an earlier elution time, similar to A170R/L174R. 
To confirm that the shift to earlier elution times was not due to new charge interactions 
with the column resin introduced by the Arg mutations, I next assessed the elution 
profiles of the MCUR1161-209 protein harboring A170S/L174S (i.e. in 1) and 
V203S/Y204S (i.e. in 3). Just as observed with the charge mutations, proteins with 
these neutral charge substitutions showed shifts to earlier elution volumes as well (Figure 
20B). Additionally, these Ser mutants also displayed a highly reduced protein yield due 
to a tendency for protein aggregation and precipitation. Unfortunately, the tendency to 
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aggregate for all MCUR1161-209 mutant constructs meant that the protein yield was not 
high enough to quantify the oligomeric state of the mutants via SEC-MALS.  
Finally, I introduced these mutations in the largest MCUR1161-338 construct to examine 
the significance of the identified interface in the full matrix domain context. Intriguingly, 
these mutations also led to a drastic reduction in protein yield due to high levels of 
aggregation and precipitation, as observed for MCUR1161-209 (Figure 20C). The 
A170R/L174R, V203R/Y204R and C173P/L174P/L175P mutant proteins all showed 
dramatic shifts to earlier elution times, as previously observed for the MCUR1161-209 
proteins. Unfortunately, quantification of MCUR1161-338 mutant masses via SEC-MALS 
was not possible because the proteins eluted too close to the column void volume. Resin 
particles shedding off the column dominate the light scattering signal near the void 
volume, precluding accurate mass determinations. Collectively, my mutagenesis analysis 
showed that disrupting either 1 or 3 perturbs the elution volume of MCUR1161-209. 
Remarkably, perturbations caused by mutations in these helices were also observed in the 
MCUR1161-338 context, demonstrating the significance of the core MCUR1161-209 structure 
elucidated to the assembly of the full structured matrix region of MCUR1 containing both 
coiled coils.  
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Chapter 4  
4 Discussion 
4.1 Summary  
The rapid uptake of Ca2+ across the IMM not only modulates the cytosolic Ca2+ transients 
which are integral to myriad signaling processes, but also leads to the increased 
production of ATP and can cause the activation of various cell death pathways (Gilabert 
& Parekh, 2000; Glancy & Balaban, 2012; Hoth et al., 1997; Lemasters et al., 1998; 
Nakagawa et al., 2005). The main driving force behind this influx of Ca2+ into the 
mitochondrial matrix is the highly negative potential (~ -180 mV) established across the 
IMM which facilitates the movement of nearly 10,000 Ca2+ ions per second through the 
MCU channel (Gunter & Pfeiffer, 1990). Additionally, MCU is a very selective ion 
channel with a high binding affinity for Ca2+ (apparent equilibrium dissociation constant 
of ≤ 2 nM), thus, preventing the unregulated uptake of other ions from the cytosol such as 
Na+ and K+ which could lead to a rapid loss of the negative potential across the IMM 
(Kirichok et al., 2004). The MCU channel also has a remarkable Ca2+ carrying capacity 
with an experimentally determined midpoint of saturation occurring at ~20 mM cytosolic 
[Ca2+] (Kirichok et al., 2004).  
MCUR1 was recently identified as a major positive regulator of MCU channel activity. 
The siRNA-mediated knockdown of MCUR1 in fibroblasts showed a dramatic reduction 
in MCU dependent mitochondrial Ca2+ uptake (Mallilankaraman et al., 2012). MCUR1 
has also been shown to interact directly with MCU and EMRE, another important 
regulator of the MCU complex (Mallilankaraman et al., 2012; Tomar et al., 2016). 
Furthermore, the knockdown of MCUR1 not only impacts the distribution of oligomeric 
MCU within the IMM, but also leads to a reduction in the absolute MCU 
heterooligomeric size (Tomar et al., 2016). Despite the demonstrated implications of 
MCUR1 in the regulation of the MCU complex formation and Ca2+ uptake into the 
mitochondria, no high-resolution structural information is currently available. 
Consequently, my work focused on the structural and biophysical characterization of the 
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highly conserved and structured matrix region of MCUR1 which includes residues 161-
338 (Figure 21A), with the goal of elucidating new insights into the molecular 
mechanisms of MCUR1-mediated regulation of MCU.  
I found the MCUR1 region encompassing residues 161-338 to be highly -helical, 
consistent with the presence of the two, primary structure-predicted, coiled coil domains. 
Remarkably, I found that the thermal stability was reduced for MCUR1 matrix domain 
protein constructs containing the coiled coils compared to proteins with these domains 
deleted; however, despite the thermal destabilization, these coiled coils favoured 
homotrimer formation over lower order quaternary structures. More specifically, I found 
that constructs lacking the coiled coil domains existed primarily as homodimers. 
Furthermore, retaining both coiled coils within the matrix domain (i.e. my MCUR1161-338 
construct) was shown to confer a conformational sensitivity to Ca2+. In particular, I found 
that increasing [Ca2+] enhanced the surface exposed hydrophobicity of the MCUR matrix 
domain construct encompassing residues 161-338. 
Excitingly, I was able to elucidate the first high-resolution structure of any region of 
human MCUR1 using solution NMR spectroscopy. The compact, triple helix structure of 
MCUR1161-209 contains distinct electronegative and electropositive regions formed by the 
contribution of residues found far apart in sequence space (i.e. > 5 residues apart). 
Furthermore, I was able to identify the 1 and 3 helices as the major contributors to the 
dimer formation interface for the construct. Mutations targeting the identified residues of 
interaction were shown to disrupt the normal oligomerization profile of the MCUR1161-209 
construct. Remarkably, despite the MCUR1161-209 region being a relatively small portion 
of the MCUR1 matrix domain, I found the same mutations introduced into the larger 
MCUR1161-338 construct containing both coiled coils also dramatically impacted the 
oligomerization profile of this structured MCUR1 matrix region. Collectively, my high-
resolution structural data identify the 1 and 3 interface of the MCUR1161-209 region as 
a crucial homomeric protein interaction location with demonstrated consequences on the 
assembly of the full structured MCUR1 matrix region. This mode of assembly has 
possible implications for the higher order heteromeric complex formation and thus, the 
function of MCU. 
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4.2 The role of putative coiled coil domains in MCUR1 
scaffolding function. 
Part of the reason MCUR1 is believed to act as a scaffolding factor stems from its ability 
to interact with multiple proteins in the heteromeric MCU complex assembly. 
Coimmunoprecipitation studies have identified MCU and EMRE as proteins that interact 
with MCUR1, whereas MICU1 and LETM1 did not show an interaction with MCUR1 
(Tomar et al., 2016). Furthermore, a biomolecular fluorescence complementation assay, 
which analyzes the topology based interaction of two proteins of interest by tagging parts 
of a fluorescent tag onto the C- or N-terminal of each protein, showed that the interaction 
of MCUR1 with EMRE occurs at the IMS while the interaction of MCU and MCUR1 is 
likely mediated by the matrix regions of both proteins (Tomar et al., 2016). Both MCU 
and MCUR1 contain two coiled coil domains facing the mitochondrial matrix (Figure 
21A). Typically, coiled coil domains are composed of a heptad repeat sequence and have 
been shown to play numerous structural, regulatory and functional roles in eukaryotes, 
including protein-protein interactions (Rose & Meier, 2004). One important example of 
such an interaction can be seen between the coiled coil domains of STIM1 and Orai1 
proteins which leads to the activation of Ca2+-release activated channels (CRAC) 
channels (Stathopulos et al., 2013). Therefore, it is likely that the interaction of MCU and 
MCUR1 is regulated by the intermolecular coiled coil interactions between these 
proteins. Indeed, coimmunoprecipitation analysis conducted with truncation mutants of 
MCU and MCUR1 systematically eliminating the coiled coils showed that the N-terminal 
coiled coil domain of MCU and the putative coiled coil region of MCUR1 (i.e. CC1 and 
CC2) are essential for this heteromeric protein-protein interaction (Tomar et al., 2016).  
Additionally, MCUR1 has been proposed to function as a scaffolding factor because of 
an ability to stabilize the MCU heteromeric complex. It has been shown that co-
transfection of MCU and MCUR1 in HEK293T cells leads to larger heteromeric 
oligomers integrating MCU, as assessed via blue native PAGE and FPLC analysis 
(Tomar et al., 2016). The same study also showed that the knockout of MCUR1 in 
endothelial cells led to a significant disruption of the MCU heteromeric complex 
formation, consistent with a stabilizing role for MCUR1. Furthermore, the reduction in 
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mitochondrial Ca2+ uptake observed after MCUR1 knockdown concomitant with the 
disruption of MCU heteromeric complex formation reinforces the vital importance of 
MCUR1-mediated protein scaffolding in mitochondrial Ca2+ uptake (Tomar et al., 2016).  
According to my SEC-MALS data, MCUR1 matrix domains containing both coiled coils 
are homotrimeric, whereas MCUR1161-209 forms a more stable dimer under similar 
solution conditions. This innate and high propensity for homo-oligomerization could be 
essential for multiple simultaneous MCUR1 interactions with MCU subunits, given that 
the MCU channel pore is likely made up of tetrameric MCU (see discussion section 4.5). 
Further, the oligomeric nature of the MCUR1 matrix domain may play a role in bridging 
interactions between multiple MCU subunits and other regulatory proteins identified in 
the MCU hetero-oligomeric complex, such as EMRE. Regardless, the coiled coils of 
MCUR1 clearly play a role in the stabilization of a higher order homomeric quaternary 
structure of MCUR1 as my SEC-MALS shows a favoured trimeric stoichiometry for 
MCUR1161-338 (i.e. containing both coiled coils) compared to dimeric stoichiometry for 
MCUR1161-209 (i.e. in the absence of the coiled coils). 
Another potential function of MCUR1 oligomerization could be interactions and 
regulation of the proteins making up the mPTP. The molecular identity of mPTP remains 
an important question in the field with numerous proteins such as spastic paraplegia 7 
(SPG7), cyclophilin D (CypD), voltage dependent anion channel (VDAC), adenine 
nucleotide translocator (ANT) and ATP-synthase, to name a few, having been pinpointed 
as contributors to the assembly and regulation of this pore (Biasutto et al., 2016; Leung & 
Halestrap, 2008; Zoratti & Szabo, 1995). Recently, knockdown of MCUR1 has been 
shown to confer an increased resistance to mitochondrial Ca2+ overload-induced cell 
death in mammalian cells via the opening of mPTP (Chaudhuri et al., 2016). Therefore, 
MCUR1 may extend its scaffolding role by bridging MCU and mPTP complexes. In 
particular, CypD, a mitochondrial matrix chaperone that is also a key modulator of mPTP 
opening in mammalian cells (Baines et al., 2005; Basso et al., 2005), can potentially 
assist in the bridging of the these two complexes via interaction with the matrix region of 
MCUR1. Functionally, fixing MCU in close physical proximity to mPTP may expedite 
the signaling to mPTP opening under conditions of Ca2+-overload.  
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The results from my ANS fluorescence experiments showed that MCUR1 exhibits a 
sensitivity to Ca2+, much like many other proteins of the MCU complex including 
MICU1, MICU2, EMRE, and MCU itself (see introduction section 1.3 - 1.5). This Ca2+ 
sensitivity has been proposed to finely regulate the function of MCU and Ca2+ uptake into 
the mitochondrial matrix. In my studies, I found that the presence of the CC2 domain of 
MCUR1 provided the maximal sensitivity to Ca2+. In fact, I carried out preliminary 
experiments aimed at identifying residues on the CC2 domain as potential Ca2+ binding 
site(s). While charge neutralization mutations carried out on candidate acidic residues 
(i.e. D315, E318, and E321) did not show a statistically significant reduction in Ca2+ 
sensitivity as determined by ANS binding, these mutants did show a trend to lower Ca2+-
mediated sensitivity. Further studies are required to ascertain the exact Ca2+ binding 
site(s) and the functional significance of these divalent cation interactions. Additionally, 
Ca2+-sensitive thermal stability was observed when both CC1-CC2 and CC1 alone were 
present. Thus, we deduce that both coiled coils are important for the Ca2+ sensitive 
response.  Although, my thermal melt and ANS data indicates a conformational change in 
response to the divalent cations in the presence of both coiled coil domains, the 
oligomeric state observed via SEC-MALS is not impacted by the presence of Ca2+ for the 
MCUR1161-338 protein construct. This lack of change in quaternary structure suggests that 
the role of the coiled coils in the oligomerization of MCUR1 is not affected by Ca2+; 
rather, Ca2+ must be causing a conformational change elsewhere in the domain which is, 
nevertheless, still dependent on the coiled coils.  
4.3 MCUR1161-209 is structurally homologous to acid stress 
chaperone HdeB  
According to the bioinformatics analysis of MCUR1, the region from residue 161 to 338 
is highly -helical and conserved across many higher order species. Conversely, the 
residual matrix facing region of MCUR1, starting at the end of first transmembrane 
domain (i.e. residue 86) and leading up to residue 160, is predicted to be unstructured and 
is not well conserved. Furthermore, my SEC-MALS data showed that the region 
comprising of residues 161 to 209 (i.e. MCUR1161-209) is able to self-associate as a 
homodimer even in the absence of the putative coiled coil domains. Additionally, 
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mutations incorporated into the characterized dimer interface of MCUR1161-209 result in 
the assembly perturbation of the structured matrix region containing the coiled coils (i.e. 
MCUR1161-338). Thus, the high-resolution structure obtained for MCUR1161-209 provides 
valuable insights on a region that plays a key role in the oligomerization of MCUR1 
mediated by the matrix-oriented region of the protein. I found that this ~6 kDa 
MCUR1161-209 protein, sandwiched between the putative intrinsically disordered region 
and the coiled coils of MCUR1, folds into a compact, three helix conformation. My 
assessment using DALI revealed that the elucidated MCUR1161-209 structure is 
homologous to the acid stress chaperone HdeB found in E. coli. Strikingly, the structural 
similarity between MCUR1161-209 and HdeB does not stem from any sequence similarity, 
which is a meagre 5 %. The discovery of this structure in both prokaryotes and 
eukaryotes suggests that this fold may play a fundamental role in signaling and 
physiology of all cell types. 
HdeB, along with its known structural homolog HdeA, provides the gram-negative E. 
coli with the ability to survive the extremely acidic environment of the human stomach 
(Hong et al., 2012). HdeA and HdeB act in concert by binding and reducing the exposed 
hydrophobic regions of the unfolded substrate/client proteins in response to the low pH 
environment of the stomach, thus preventing aberrant acid-induced unfolding and 
aggregation (Ding et al., 2015). HdeA has also been shown to assist in the ATP-
independent refolding of these proteins via a ‘slow release mechanism’ upon 
neutralization of the acidic environment (Tapley et al., 2010). Substrate bound HdeA 
undergoes a much slower return to its inactive dimeric state in response to neutralization, 
thereby allowing the slow release and minimizing the generation of aggregation-sensitive 
folding intermediates for these substrates (Tapley et al., 2010). Interestingly, the two 
proteins function in different pH ranges, with HdeA showing optimal activity at pH ~2-3 
and HdeB functioning more efficiently at pH ~4-5. Thus, the pair concertedly provide 
chaperonal activity over a wider environmental range (Dahl et al., 2015; Kern et al., 
2007).  
It is tempting to speculate that MCUR1161-209 oligomerization and function may also 
exhibit a physiologically relevant pH sensitivity, as the mitochondrial matrix sees a large 
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influx of H+ ions from the IMS during ATP synthesis. Thus, MCUR1161-209 may be 
exposed to pH fluctuations in the matrix which could affect its folding, self-association 
and function. In particular, the imidazole functional group found on the side chain of His 
is highly susceptible to protonation within the physiological pH range due to its pKa of 
~6.5. At pH above 7.0, His exists primarily in a non-protonated hydrophobic form, 
whereas the protonated and charged hydrophilic form dominates below pH 6.0 
(Rotzschke et al., 2002). The presence of a highly conserved His residue (i.e. H169) at 
the beginning of the important 1 of MCUR1161-209 construct provides a putative 
mechanistic site for this proposed pH sensitivity (Figure 2).  
Unlike HdeA that undergoes a partial unfolding event at pH ~2-3 in order to expose 
hydrophobic residues and function as a chaperone, HdeB maintains a dimeric state and 
utilizes the dynamic nature of its loop region between 2 and 3 (i.e. analogous to L1 
between 1 and 2 of MCUR1161-209) to achieve interactions with its client proteins 
(Ding et al., 2015). Interestingly, analytical centrifugation has shown that HdeB does not 
undergo monomerization but rather displays structural rearrangements in response to pH 
changes (Dahl et al., 2015). Analytical ultracentrifugation data at pH ~4-5 showed that 
HdeB occupies a larger volume than would be expected for a dimer, indicating the 
potential for higher order oligomerization. This arrangement of HdeB into a state larger 
than dimer is in-line with the compatibility of MCUR1161-209 assembly into a molecular 
weight species greater than dimer in the presence of the coiled coil domains. 
The binding interface contributed to by 2 of HdeB (i.e. analogous to the 1 of 
MCUR1161-209) appears to be rigid at neutral pH; however, rapid movement of the long 
2-3 loop region occurs at pH ~4-5 (Ding et al., 2015). This dynamic nature of the 2-
3 loop region along with the presence of multiple hydrophobic residues on this linker is 
believed to confer HdeB with the conformational plasticity required to interact with 
multiple substrate/client proteins and function as a chaperone (Ding et al., 2015). 
Although MCUR1161-209 contains a similar organization for the dimer interface, the L1 
region of MCUR1161-209 is not as dynamic as suggested by the S2 values derived from my 
chemical shift assignments (Figure 15C). This marked difference could be due to the 
shorter nature of the L1 region of MCUR1161-209 compared to the analogous loop in 
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HdeB. As a scaffold protein, MCUR1 must interact with multiple specific proteins 
simultaneously and thus, may not require a dynamically changing interface which allows 
chaperones like HdeB to bind multiple different proteins at the same interface. 
Furthermore, MCUR1 contains two coiled coils and a large unstructured domain that may 
also mediate protein-protein interactions.  
4.4 The impact of targeted mutations on the self-association 
interface of MCUR1. 
My work suggests that full-length human MCUR1 likely assembles into a higher order 
homo-oligomeric state, supporting its proposed role as a scaffolding factor in the higher 
order MCU heteromeric complex formation. My structural characterization of 
MCUR1161-209 via solution NMR spectroscopy and my data showing that this construct 
readily self-associates, compelled me to study the potential homomeric binding interface 
of MCUR1. My PRE-NMR data acquired to identify the residues involved in this 
interface formation, highlighted 1 as the chief contributor along with parts of 3 (see 
results section 3.8). Based on my PRE data, mutations were designed to target the 
MCUR1161-209 self-association interface. Strikingly, the SEC elution profile analysis for 
all mutant constructs targeting either the 2 or 3 interface components dramatically 
perturbated the higher order assembly of MCUR1161-209. Additionally, these mutations 
incorporated into the MCUR1161-338 resulted in similar perturbations, indicating that 
despite the diminutive size of the MCUR1161-209 region, the interface discovered by 
solution NMR spectroscopy plays a prominent mechanistic role in the assembly of the 
entire structured MCUR1 matrix region. It is important to note that I observed a drastic 
reduction in protein yield of all mutants (i.e. in both the MCUR1161-209 and MCUR1161-338 
contexts) due to high levels of aggregation and precipitation, precluding accurate 
determination of the oligomerization states via SEC-MALS.  
Nevertheless, the existence of a higher order oligomer state for these mutants could 
potentially be explained by the weakening of the 1-3 interface, permitting the insertion 
of additional subunits to form a higher order oligomer. This speculation is supported by 
my thermal melt data which shows the highest stability for the MCUR1161-209 construct 
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which exists as a homodimer and less stable MCUR1161-338 construct which exist as a 
homotrimer. Thus, it is possible that the coiled coil domains may similarly pull apart the 
MCUR1161-209 binding interface and promote the insertion of a third subunit. Collectively, 
the ability of the same mutations to drastically perturb the assembly of MCUR161-209 and 
MCUR1161-338 reaffirms the significance of the identified MCUR1161-209 structure and 
self-association interface in the potential regulation of full length MCUR1 
oligomerization.  
4.5 Oligomeric state of the MCU channel pore. 
Although the propensity of MCU to oligomerize and form the Ca2+ selective pore has 
been well established, the precise MCU oligomer state required for function was the 
subject of debate (De Stefani et al., 2011; Kirichok et al., 2004; Oxenoid et al., 2016). 
Great strides were made in this regard recently with the cryo-EM driven full-length 
structural elucidation of four fungal and two metazoan (i.e. zebrafish and mosquito) 
MCU channels (Baradaran et al., 2018; Fan et al., 2018; Nguyen et al., 2018; Yoo et al., 
2018). All six structures show a similar architecture with the functional MCU existing as 
a homotetramer. It is important to note that fungal MCU can form a functional channel in 
the absence of any regulatory proteins (i.e. EMRE or MCUR1). These recent elucidations 
are in contrast to the previously proposed pentameric assembly of C. elegans MCU 
structure which did not contain the N-terminal domain (Oxenoid et al., 2016). In humans, 
a ‘DIME’ motif (i.e. Asp-Ile-Met-Glu) is known to play a role in Ca2+ selectivity through 
the pore (Bick et al., 2012). Based on the cryo-EM structures of other species, the motif 
has been extended to ‘WDXXEPVTY’, with ‘XX’ being any hydrophobic residues and 
‘DXXE’ representing the DIME motif in humans. The tryptophan residue in this motif 
tightly interacts with the proline residue, helping to properly orient the glutamic acid that 
is critical in the selectivity filter configuration (Fan et al., 2018; Nguyen et al., 2018; Yoo 
et al., 2018).  
The cryo-EM structure of the Neurospora crassa shows the formation of four dimeric 
coiled coils within the tetramer (Yoo et al., 2018). The N-terminal domain along with the 
coiled coil 1 forms a large interface of interaction between subunits (Yoo et al., 2018). 
Much like the other MCU structures, the N. crassa structure shows a 4-fold symmetry 
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through the assembled TM domains, while the matrix-oriented N-terminal domains form 
a dimer of dimers (Yoo et al., 2018). The cryo-EM structures obtained for Metarhizium 
acridum and Fusarium graminearum, along with the crystal structure for M. acridum, not 
only show a similar N-terminal domain dimer of dimer architecture, but also reconstitute 
basic MCU channel activity when expressed in E. coli (Fan et al., 2018). In all the full-
length structures, the TM1 of each subunit interacts with the TM2 of the adjacent subunit, 
TM2 lines the pore of the channel and the WDXXEPVTY motif forms part of the TM2 
helix closest to the IMS (Fan et al., 2018). 
Interestingly, the dimer of dimer organization of the N-terminal domain leads to the 
generation of two distinct interfaces of interaction (Fan et al., 2018). This can potentially 
be important for understanding the interaction of MCU with multiple regulatory factors 
such as MCUR1 and EMRE. It has previously been proposed that EMRE interacts with 
MCU via the TM1 domain (Vais et al., 2016), whereas coimmunoprecipitation analysis 
suggests that the N-terminal domain of MCU interacts with the structured matrix region 
of MCUR1 containing the putative coiled coil domains (i.e. 166-305) (Tomar et al., 
2016). Based on the scaffolding role of MCUR1 (see discussion section 4.2), I speculate 
that MCUR1 interacts with MCU via the MCU N-terminal domain, and this interaction 
brings two or more dimers of MCU in close proximity (Figure 21B). Once in close 
proximity, I predict EMRE functions to regulate the channel formation by stabilizing the 
tetramerization of MCU via interactions with the MCU TM1 domain. The potential 
clustering of MCU tetrameric channels by the interaction with MCUR1 would allow for 
the efficient mitochondrial Ca2+ uptake observed near Ca2+ channels found on the plasma 
membrane and ER (see introduction section 1.2.1). This proposed clustering function of 
MCUR1 is analogous to the STIM-mediated crosslinking of Orai1 channels which drive 
robust Ca2+ signal generation in the cytosol (Zhou et al., 2018). Recent work has shown 
that oxidative stress induced S-glutathionylation of the C97 residue on MCU can lead to a 
conformational change in the N-terminal domain of MCU that, in turn, promotes 
clustering of the MCU channel and enhances Ca2+ uptake (Dong et al., 2017). The 
conformational change in the N-terminal domain of MCU may promote the interaction 
with positive regulators of the MCU complex such as MCUR1 and EMRE.  
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The cryo-EM structure of metazoan zebrafish MCU also showed a tetrameric 
organization, but the N-terminal domains assembled as an asymmetric tetramer as 
opposed to the dimer of dimers observed in fungal MCU structures (Baradaran et al., 
2018). However, the low-resolution structure of metazoan mosquito MCU did show the 
N-terminal domain dimer of dimers assembly, much like that of the fungal structures 
(Fan et al., 2018). Given that fungal MCU does not require MCUR1, EMRE, or 
MICU1/MICU2 to reconstitute channel activity, the elucidation of the human MCU 
structure and the interactions with these crucial regulators represents a major knowledge 
gap in the field. My structural work elucidating a portion of the MCUR1 matrix domain 
has begun to unravel some of the molecular features underlying MCUR1 assembly and 
thus, MCU regulation.  
4.6 Future directions and limitations 
The relevance of the high-resolution MCUR1161-209 structure and self-association 
interface as a vital structural feature in regulating MCU function needs to be corroborated 
by functional analyses using full-length human MCUR1 expressed in live cells. The 
perturbation of the oligomeric profile observed for the mutants targeting the self-
association interface should potentially cause a significant change in Ca2+ uptake 
characteristics mediated by the human MCU channel.  
Additionally, numerous post-translational modifications have been identified in 
eukaryotic cells that critically modulate the cell signaling, structural, and biophysical 
properties of proteins (Hess & Stamler, 2012). In particular, Cys residues are highly 
susceptible to these modifications, undergoing S-glutathionylation, S-nitrosylation, 
disulfide formation, to name a few (Go et al., 2015). As mentioned above, the highly 
conserved C97 on the MCU N-terminal domain has recently been shown to undergo S-
glutathionylation in response to oxidative stress, leading to an increase in oligomerization 
propensity and Ca2+ uptake (Dong et al., 2017). It is interesting to note that MCUR1161-209 
also contains a highly conserved cysteine residue (i.e. C173) on the important 1 which 
was implicated in forming the self-association interface in my studies. Thus, post 
translational modifications on this residue may have profound effects on the 
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oligomerization of MCUR1, essential in scaffolding function. Furthermore, the pH 
dependent structural changes observed in HdeB, the structural homolog of MCUR1161-209 
(see discussion section 4.3), and the rapid influx of H+ ions into the mitochondrial matrix 
from IMS during oxidative phosphorylation, makes it an intriguing area for further 
research.  
The high-resolution solution NMR structure of MCUR1161-209 elucidated in my study 
focuses primarily on the structured region of the MCUR1 matrix domain which is located 
between the putative coiled coils and a relatively large unstructured region. However, my 
biophysical analyses conducted on the coiled coil domains has revealed their potential 
role in stabilization of the homotrimer and Ca2+ sensitivity. Moreover, these coiled coil 
domains have been implicated in the interaction with MCU via its N-terminal domain 
(Tomar et al., 2016). Future experiments should be designed to focus on the structural 
elucidation of these coiled coil domains with an aim to map out the MCUR1:MCUR1 and 
MCU:MCUR1 interfaces at the atomic level. Additionally, the effects of carefully 
designed charge neutralizing mutations within the CC2 domain of MCUR1 needs to be 
assessed further to identify the location of the potential Ca2+ binding site(s) suggested by 
my ANS work.  
Inherently, while conducting biochemical analysis focusing on a specific domain of 
interest, we run the risk of omitting long range associations which may play a role in the 
full-length structural organization and function of the protein. My study focused on 
characterizing the highly conserved and structured domains of the MCUR1 matrix 
region; however, the unstructured region located between residue 86 and 160 may also 
play vital roles in the functioning of MCUR1 as a scaffold for the MCU complex. Indeed, 
intrinsically disordered regions of proteins are known to mediate important protein 
network interactions and play a critical role in numerous signaling pathways and cellular 
processes which include transcription and translation (Dunker et al., 2005; Galea et al., 
2008; Iakoucheva et al., 2002; Wright & Dyson, 1999). Some of the identified structural 
benefits of these intrinsically disordered regions include an ability to interact with targets 
with high specificity yet low affinity, the presence of easily accessible post-translational 
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modification sites, and fast kinetics of interaction which allows for rapid signal initiation 
or termination (Dyson & Wright, 2005; Pontius, 1993).  
Although most of my experiments, including ANS and solution NMR, were conducted at 
35 °C, resembling physiological temperature of mammals, some experiments such as 
SEC-MALS were conducted at lower temperatures due to the operational setup of the 
instrumentation. Another digression from physiological norms was applied during my 
Ca2+ sensitivity analysis of MCUR1. High levels of Ca2+ (i.e. >10 mM) were used in my 
in vitro experiments to ascertain the maximal response caused by Ca2+. The concentration 
of Ca2+ inside the mitochondrial matrix normally ranges between 100 nM to 10M, with 
only certain cell types exceeding 100 M upon stimulation (Montero et al., 2000). 
However, it is important to note that mitochondria are generally found in close proximity 
to the ER where they are exposed to a much higher [Ca2+] than the average resting 
cytosolic levels (Marsault et al., 1997; Rizzuto et al., 1993). Indeed, the artificial 
shortening of these ER and mitochondrial interactions using synthetic linkers lead to a 
Ca2+ overload in mitochondria, as mitochondria are exposed to these microdomains of 
much higher cytosolic [Ca2+] (Csordas et al., 2006; Dorn & Scorrano, 2010). 
Additionally, the diffusion theory implies that Ca2+ levels found at the base of channel 
pore may essentially reach the mM range (Bauer, 2001; Chad & Eckert, 1984; Simon & 
Llinas, 1985). Nonetheless, assessment of the structural and biophysical properties of the 
MCUR1 matrix domain under physiological environmental conditions may provide new 
insights into the mechanisms of MCUR1 and MCU regulation.  
Currently work is being conducted at the Stathopulos laboratory to explore the identified 
areas of research. I hope to continue my contribution to the field by maintaining a close 
association with Dr. P.B. Stathopulos and colleagues. 
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4.7 Conclusion 
Ca2+ is a universal signaling molecule in the human body. The uptake of Ca2+ into the 
mitochondrial matrix via the MCU complex is not only essential for the regulation of 
cytosolic Ca2+ levels, but also for the proper regulation of vital bioenergetics and 
biochemical processes within mitochondria such as ATP synthesis and apoptosis. 
Consequently, the dysregulation of mitochondrial Ca2+ uptake has been implicated in 
numerous diseases including diabetes, cancer, and learning disorders, to name a few (C. 
V. Logan et al., 2014; Pinton et al., 2008; Tarasov et al., 2012).  
MCUR1 plays a crucial regulatory role in the formation and stabilization of the MCU 
complex. Recent work has demonstrated that an upregulation of MCUR1 protein in 
hepatocellular carcinomas (HCC) cells leads to increased mitochondrial Ca2+ uptake and 
cell proliferation along with the inhibition of apoptotic pathways (Ren et al., 2018). The 
decreased apoptotic signaling in these HCC cells is believed to be achieved via the 
degradation of p53, a tumor suppressor protein, in response to enhanced production of 
reactive oxygen species (Ren et al., 2018). In contrast, MCUR1 knockdown has 
previously been shown to confer higher resistance to mPTP opening and cell death by 
increasing the threshold for mitochondrial Ca2+ overload via the MCU complex 
(Chaudhuri et al., 2016). Indeed, numerous alterations in MCU function have been 
identified in various cancers, as the uptake of mitochondrial Ca2+ appears to play a 
complex role in cell survival, proliferation, and migration depending on the type and 
stage of tumor (Vultur et al., 2018).  
My high-resolution structure of MCUR1161-209 provides the first insights into the atomic 
basis for the function of an important regulator of this MCU complex. More specifically, 
my study suggests the 1 and 3 of the compact triple helix domain forms a fundamental 
binding interface in MCUR1 self-association, while the coiled coil domains may fine 
tune further assembly into homotrimers. In addition to the previously suggested role in 
interactions with MCU, my work has now revealed the coiled coil domains also confer 
Ca2+ sensitivity to the MCUR1 matrix region. Therefore, my data not only advances our 
structural and functional understanding of MCUR1, but also highlights new important 
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questions which will help us better understand the molecular mechanisms underlying 
MCU function. For example, two prominent avenues of research borne out of my 
structural elucidation include understanding the impact of post translational modifications 
and the potential role of pH on MCUR1 assembly and function. 
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